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ABSTRACT 
 
 
 
The philosophy of green chemistry has seen much development in the past 
decade. The use of environmentally benign solvents is amongst the areas of 
green chemistry that have received the most attention. In this context, 
imidazolium ionic liquids have been widely reported to offer high product yields, 
fast reaction rates, excellent selectivity and generally mild working conditions, 
when used as reaction media. In addition, concerns about costs of solvents and 
the long-term environmental impact that can potentially result when solvents are 
discarded after their use have led to focused investigations into solvent-free 
procedures, as reported in recent literature. We have set out to explore the 
extent to which these advantages could be realized within our research. 
 
Non-volatile, non-flammable imidazolium ionic liquids [bmim][I], [bmim][BF4] and 
[bmim][PF6] were used as green solvents in ferrocene chemistry. Ferrocenoate 
esters were synthesised efficiently by the respective DCC/DMAP-promoted 
reactions of ferrocenecarboxylic acid and substituted benzoic acids or, 
alternatively, the DMAP-promoted reactions of ferrocenoyl fluoride with a range 
of substituted phenols in [bmim][BF4] and [bmim][PF6]. High yields and short 
reaction times were achieved. In addition, the ionic liquid was reused several 
times without a reduction in product yields.  
 
Under solvent-free conditions, DCC/DMAP-promoted reactions provided high 
yields within 3 min of reaction. The possible rearrangement of one of the 
intermediates in these reactions was modelled theoretically using density 
function theory (DFT) at the B3LYP/6-31G* level of approximation. Catalyst-free 
esterification was achieved by the application of microwave radiation to the reaction 
 ii
  
of ferrocenoyl fluoride and a range of substituted phenols. All the reactions were 
complete after 1 min of irradiation and products were isolated in high yield. 
DPAT, HfCl4, Sc(OTf)3 and Al(OTf)3 were screened as catalysts for esterification 
in [bmim][BF4] and under solvent-free conditions at various temperatures. All 
attempts at esterification of ferrocenecarboxylic acid with alcohols and phenols 
were unsuccessful. 
The Suzuki cross-coupling reaction was carried out in [bmim][BF4]. The isolated 
yields are, however, poor and suffer from poor reproducibility with different batches 
of [bmim][BF4] used. 
 
 
Key words:  green chemistry, benign solvents, ionic liquids, solvent-free 
reactions, esterification, Suzuki cross-coupling reaction, 
ferrocenoate esters, arylferrocenes. 
 
 iii
  
 
CONTENTS 
 
 
 
Page 
 
ACKNOWLEDGEMENTS i 
ABSTRACT ii 
TABLE OF CONTENTS iv 
LIST OF FIGURES viii 
LIST OF EQUATIONS x 
LIST OF SCHEMES xii 
LIST OF TABLES xiv 
 
Chapter 1 
1  INTRODUCTION: Green Chemistry and Sustainable Development 1 
1.1 SUSTAINABLE DEVELOPMENT..........................................................1 
1.1.1 Technology and sustainable development ............................................2 
1.1.2 Chemical technology and the environment............................................3 
1.2 GREEN CHEMISTRY............................................................................4 
1.2.1 Definition ...............................................................................................4 
1.2.2 Historical development ..........................................................................4 
1.2.3 Principles of green chemistry ................................................................5 
1.2.4 Green/sustainability credentials.............................................................6 
1.2.5 Green chemistry and the industrial process ..........................................9 
1.2.6 Strategies in green chemistry ..............................................................15 
1.2.7 Green chemistry and organometallic chemistry...................................39 
1.3 AIMS OF THIS STUDY .......................................................................50 
REFERENCES 51 
 
 iv
  
Chapter 2 
2.1 DISCUSSION: solution phase synthesis of esters...............................62 
2.2 INTRODUCTION.................................................................................62 
2.3 RESULTS AND DISCUSSION ............................................................66 
2.3.1 DCC/DMAP-promoted esterifications ..................................................66 
2.3.2 DMAP-promoted esterifications...........................................................74 
2.3.3 Miscellaneous reactions of ferrocenoyl fluoride...................................77 
2.3.4 Acid-catalysed esterification reactions.................................................78 
REFERENCES 86 
  
Chapter 3 
3.  DISCUSSION: solvent-free synthesis of esters..………………………89 
3.1 INTRODUCTION.................................................................................89 
3.2 RESULTS and discussion ...................................................................90 
3.2.1 DCC/DMAP-promoted esterifications ..................................................90 
3.2.2 Microwave-promoted esterifications ..................................................108 
3.2.3 Miscellaneous reactions of ferrocenoyl fluoride.................................110 
3.2.4 Solvent-free catalytic esterfication.....................................................112 
REFERENCES 115 
 
Chapter 4 
4.  SUZUKI CROSS-COUPLING REACTIONS………………………….. 116 
4.1 INTRODUCTION...............................................................................116 
4.2 RESULTS and discussion .................................................................118 
4.2.1 Synthesis of Arylferrocenes...............................................................118 
4.2.2 Optimisation of the reaction conditions..............................................121 
REFERENCES 127 
 
 v
  
Chapter 5 
5.  CONCLUSION…………………………………………………………….128 
5.1  Overview...........................................................................................128 
5.2  Future prospects...............................................................................131 
REFERENCES 132 
 
Chapter 6 
6. EXPERIMENTAL DETAILS………………………………………………133 
6.1 General remarks................................................................................133 
6.1.1 Instrumental.......................................................................................133 
6.1.2 Purification of materials .....................................................................133 
6.2 Preparation of precursors ..................................................................135 
6.2.1 Esterification precursors ....................................................................135 
6.2.2 Suzuki reaction precursors ................................................................137 
6.3 Preparation of ionic liquids ................................................................138 
6.3.1 1-Butyl-3-methylimidazolium chloride ([bmim]Cl) ..............................139 
6.3.2 1-Butyl-3-methylimidazolium iodide ([bmim]I)....................................139 
6.3.3 1-Butyl-3-methylimidazolium  tetrafluoroborate  ([bmim][BF4]) ..........139 
6.3.4 1-Butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]) .....140 
6.3.5 Degassing of ionic liquids ..................................................................140 
6.4 DCC/ DMAP-promoted reactions.......................................................141 
6.4.1  Esterification reactions of ferrocenecarboxylic acid in [bmim][BF4] and 
[bmim][PF6]........................................................................................141 
6.4.2 Recycling experiments: Reaction of ferrocencarboxylic acid with 4-
methoxyphenol in [bmim][BF4]...........................................................148 
6.4.3 Attempted esterification of ferrocenecarboxylic acid and 4-
methoxyphenol without DCC .............................................................150 
6.4.4 Esterification reactions of benzoic acids in [bmim][BF4] and [bmim][PF6]  
 ..........................................................................................................151 
6.4.5 Scaled-up and recycling reactions.....................................................161 
 vi
  
6.4.6 Esterification reactions of ferrocenecarboxylic acid under solvent-free 
conditions ..........................................................................................164 
6.4.7 Esterification reactions of substituted benzoic acids under solvent-free 
conditions ..........................................................................................166 
6.4.8 Mechanistic investigations into the solvent-free DCC/DMAP-promoted 
esterification of ferrocenecarboxylic acid and 4-methoxyphenol .......172 
6.5 DMAP-promoted acylations...............................................................177 
6.5.1 Acylation reactions of ferrocenoyl fluoride in [bmim][BF4]..................177 
6.5.2 Recycling experiments: Reaction of ferrocenoyl fluoride with 4-
methoxyphenol in [bmim][BF4]...........................................................180 
6.5.3 Microwave-promoted reactions of ferrocenoyl fluoride with phenols under 
solvent-free conditions.......................................................................182 
6.5.4 Miscellaneous reactions of ferrocenoyl fluoride.................................184 
6.6 Catalytic esterification experiments ...................................................189 
6.6.1 Attempted catalytic esterification with diphenylammonium triflate .....189 
6.6.2 Attempted catalytic esterification with a hafnium chloride..................194 
6.6.3 Attempted catalytic esterification with scandium triflate, ....................195 
6.6.4 Attempted catalytic esterification with aluminium triflate....................199 
6.7 Suzuki cross-coupling reactions ........................................................204 
6.7.1 Monoarylferrocenes...........................................................................204 
6.7.2 Optimization of Suzuki cross-coupling results ...................................208 
REFERENCES 217 
 
 
 vii
  
LIST OF FIGURES 
 
 
Page 
 
Figure 1.1  The ecosphere-technosphere interaction ...................................2 
Figure 1.2  Possible green chemistry impacts in the life cycle of an industrial  
  product ....................................................................................10 
Figure 1.3   Commonly used cations and anions for ionic liquids ...............15 
Figure 1.4   “Fully green” amino acid-based ionic liquids............................27 
Figure 1.5   Cations for task-specific ionic liquids used in extractions ........29 
Figure 1.6   Flow diagram for two-phase catalysis......................................31 
Figure 1.7  Typical phase diagram for a eutectic binary system. ...............33 
Figure 1.8   Representative families of chiral ferrocenyl diphosphine ligands.  
   ................................................................................................40 
Figure 2.1  Suitable sources of the ferrocenoyl group ...............................65 
Figure 3.1 The IR spectrum of the reaction paste of ferrocenecarboxylic acid  
  with 4-methoxyphenol, DCC and DMAP prior to work-up. .........92 
Figure 3.2  Products isolated from the solvent-free reaction of .....................  
   ferrocenecarboxylic acid and DCC ..........................................93 
Figure 3.3   The structure for the ferrocenecarboxylic acid-DCC adduct .......  
   postulated by Wang and Huang ..............................................94 
Figure 3.4   13C NMR spectrum of the ferrocenecarboxylic acid-DCC adduct 
isolated by us...........................................................................95 
Figure 3.5   Benzoyl analogues of 8 (an N-acylurea) and 9 (an O-acylisourea) 
   ................................................................................................95 
Figure 3.6   Isolated products from the reaction of 4-methoxybenzoic acid 
and DCC..................................................................................98 
 viii
  
Figure 3.7  Transition state structure 9′(TS 1) .........................................101 
Figure 3.8   Electrostatic potential density surface for 9′. .........................102 
Figure 3.9   Energy profiles for the rearrangement of compound 9’ to 8’..105 
Figure 3.10  Solvent-free reaction of 4-methoxybenzoic acid, 4-
methoxyphenol, DCC and DMAP ..........................................106 
Figure 3.11   Trimethylammonium ferrocenethiocarboxylate ......................111 
Figure 4.1   General structure of ferrocenomesogens ..............................116 
Figure 4.2   Ionic liquids used in this study ...............................................117 
Figure 4.3   Continuous extraction of organic material from [bmim][BF4] with 
diethyl ether ...........................................................................118 
 
 
 
 ix
  
LIST OF EQUATIONS 
 
 
Page 
 
Equation 1.1  N-alkylation process for the synthesis of substituted imidazolium 
 tetrafluoroborate.......................................................................24 
Equation 1.2  Room temperature synthesis of [bmim][SCN]..........................24 
Equation 1.3  Thiocyanation of alkyl halides using the ionic liquid [bmim][SCN] 
 .................................................................................................25 
Equation 1.4  Asymmetric hydrogenation of methyl-2-acetoxyacrylate..........42 
Equation 1.5  Friedel-Crafts acylations of ferrocene in [emim]I-(AlCl3)x ionic 
 liquids.......................................................................................43 
Equation 1.6  Solvent-free Michael reaction of (4-nitrophenyl)-1-ferrocenyl-prop-
2-en-1-one. ...............................................................................46 
Equation 1.7  Microwave-accelerated Claisen-Schmidt reaction ...................47 
Equation 1.8  Solution vs solvent-free Darzens epoxidation reaction ............48 
Equation 2.1 The general equation for the acid-catalysed Fischer esterification 
 of carboxylic acids………………………………………………….62 
Equation 2.2 The DCC/DMAP-promoted esterification reactions of 
 ferrocenecarboxylic acid and substituted phenols ...................66 
Equation 2.3 Ionic liquid recycling: esterification of ferrocenecarboxylic acid 
 and 4-methoxyphenol ..............................................................69 
Equation 2.4 The DCC/DMAP-promoted esterification reactions of substituted 
 benzoic acids and substituted phenols ....................................70 
Equation 2.5  Ionic liquid recycling: esterification of 4-methoxybenzoic acid and 
 4-methoxyphenol .....................................................................73 
Equation 2.6 The reaction of ferrocenoyl fluoride and substituted phenols in 
 x
  
 [bmim][BF4]..............................................................................75 
Equation 2.7  Ionic liquid recycling: esterification of ferrocenoyl fluoride and 4-
 methoxyphenol ........................................................................76 
Equation 2.8 Reaction of ferrocenoyl fluoride with N-hydroxypyridine-2-thione  
 ................................................................................................77 
Equation 2.9 Reaction of ferrocenoyl fluoride with benzophenone oxime ....78 
Equation 3.1  The solvent-free reaction of ferrocenoyl fluoride and 3-hydroxy-4-
 methyl-2(3H)-thiazolethione  110 
Equation 3.2   The solvent-free reaction of ferrocenoyl fluoride and N-
hydroxypyridine-2-thione .......................................................111 
Equation 3.3  The solvent-free reaction of ferrocenoyl fluoride potassium-O-
 ethyl-xanthate ........................................................................111 
 
 
 
 
 
 
 xi
  
LIST OF SCHEMES 
 
 
Page 
 
Scheme 1.1  Synthesis of imidazolium ionic liquids......................................18 
Scheme 1.2  Multi-step synthesis of (L)-valine-derived ionic liquids.............26 
Scheme 1.3  Strategy for the synthesis of amino acid-based ionic liquids ...27 
Scheme 1.4  pH-dependent phase switching by thymol blue .......................29 
Scheme 1.5  Solvent-free synthesis of 4-aryl-1,4-dihydropyridines ..............37 
Scheme 1.6  Synthesis of ferrocenyl derivatives from ferrocenoyl fluoride...49 
Scheme 2.1  DPAT-catalysed reactions of ferrocenecarboxylic acid and 
 benzoic acid with alcohols and 4-methoxyphenol....................80 
Scheme 2.2 Results of HfCl4-catalysed experiments...................................81 
Scheme 2.3  Scandiun triflate-catalysed reactions of ferrocenecarboxylic acid 
 and benzoic acid......................................................................83 
Scheme 2.4  Aluminium triflate-catalysed reactions of ferrocenecarboxylic acid 
 and benzoic acid......................................................................84 
Scheme 3.1 The general equation for the acid-catalysed Fischer esterification 
 of carboxylic acids....................................................................89 
Scheme 3.2 The DCC/DMAP-promoted esterification reactions of 
 ferrocenecarboxylic acid and substituted phenols under solvent-
 free conditions ..........................................................................90 
Scheme 3.3 The generally accepted mechanism for the DCC/DMAP-promoted 
 esterification reaction of carboxylic acids and alcohols in 
 molecular solvents ....................................................................93 
Scheme 3.4 Mechanism for the esterification of O-acylisoureas..................96 
Scheme 3.5  Reaction sequence for the solvent-free DCC/DMAP-promoted 
 xii
  
 esterification of ferrocenecarboxylic acid with 4-methoxyphenol100 
Scheme 3.6  Rearrangement of compound 9’ to 8’ ....................................101 
Scheme 3.7 Rearrangement of compound 9′ to 10′ and 11’......................103 
Scheme 3.8 Possible pathways for the reaction of N-methyl acetamide 12’ 
 with methyl isocyanate 13′ .....................................................104 
Scheme 3.9  The DCC/DMAP-promoted esterification reactions of substituted 
 benzoic acids and substituted phenols under solvent-free 
 conditions...............................................................................106 
Scheme 3.10  The catalyst-free, microwave-promoted acylation of ferrocenoyl 
 fluoride....................................................................................108 
Scheme 3.11  General scheme for the catalysed reactions of 
 ferrocenecarboxylic acid and benzoic acid .............................112 
Scheme 4.1  The general equation for the palladium-catalysed Suzuki cross-
 coupling reaction....................................................................116 
Scheme 4.2  The generalised mechanism for palladium-catalysed cross-
 coupling ..................................................................................116 
Scheme 4.3  The Suzuki cross-coupling reaction in [bmim][BF4]................118 
Scheme 4.4  Optimisation of the palladium acetate-catalysed reaction of 
 iodoferrocene with 4-methyl-benzeneboronic acid..................120 
Scheme 4.5  Optimisation of the Suzuki reaction in [bmim][BF4].................123 
 
 
 
 xiii
  
 
LIST OF TABLES 
 
 
Page 
 
Table 1.1  Situational analysis 1995 and prognosis for 2040.......................1 
Table 1.2  The effect of Lewis acidity on Friedel-Crafts acetylations of 
ferrocene in [emim]I-(AlCl3)x .....................................................44 
Table 2.1  Yields of esters from the reaction of ferrocenecarboxylic acid and 
  substituted phenols with DCC/DMAP in ionic liquids ...............68 
Table 2.2  Results of recycling reactions ..................................................70 
Table 2.3   Yields of esters from the reaction of substituted benzoic acids 
and substituted phenols in [bmim][BF4] ...................................71 
Table 2.4  Yields of esters from the reaction of substituted benzoic acids 
and substituted phenols in [bmim][PF6] ...................................72 
Table 2.5  Results of recycling reactions: The reaction of 4-methoxybenzoic  
  acid with 4-methoxyphenol ......................................................74 
Table 2.6  Yields of esters from the reaction of ferrocenoyl fluoride and 
substituted phenols in [bmim][BF4] ..........................................75 
Table 2.7  Results of recycling reactions: The reaction of ferrocenoyl 
fluoride with 4-methoxyphenol .................................................76 
Table 2.8  Attempted esterification reactions with DPAT..........................80 
Table 2.9  Results of attempted esterification reactions with Sc(OTf)3 .....83 
Table 2.10  Results of attempted esterification reactions with Al(OTf)3 ......85 
Table 3.1  Yields of esters from the solvent-free reaction of 
ferrocenecarboxylic acid and substituted phenols..................91 
Table 3.2   A comparison of calculated and experimental 13C NMR chemical  
 xiv
  
  shifts ........................................................................................96 
Table 3.3  Attempted solvent-free reactions with N,N′-dicyclohexyl-N-
 ferrocenoylurea 8......................................................................97 
Table 3.4  A comparison of the reactivity of ferrocenecarboxylic and 4-
 methoxybenzoic acid ...............................................................98 
Table 3.5  Total electronic and relative energies (B3LYP/6-31G*) .........102 
Table 3.6  Yields of esters from the solvent-free reaction of benzoic acid ... 
  and substituted phenols.........................................................107 
Table 3.7   Yields of ferrocenyl esters from the microwave-promoted solvent- 
  free reactions of ferrocenoyl fluoride and substituted phenols109 
Table 3.8  Results of catalysed reactions of ferrocenecarboxylic acid and 
 benzoic acid...........................................................................113 
Table 4.1  Yields of arylferrocenes from the reaction of iodoferrocene and 
 substituted phenylboronic acids in [bmim][BF4] ......................119 
Table 4.2  Base, time and solvent effects..................................................122 
Table 4.3  Thermal, catalyst and ultrasonic effects..................................124 
Table 6.1  Drying agents for solvents .........................................................129 
 
 
 
 
 xv
CHAPTER ONE 
INTRODUCTION: GREEN CHEMISTRY AND 
SUSTAINABLE DEVELOPMENT 
 1
 
1 INTRODUCTION: GREEN CHEMISTRY AND SUSTAINABLE DEVELOPMENT 
1.1 SUSTAINABLE DEVELOPMENT 
The 20th and 21st centuries have seen a growing awareness of the major 
challenges facing the sustainability of the earth.1 Amongst these challenges are 
population growth,2(a) food supply,2(b) resource depletion,2(c) global warming, 2(d) 
ecological damage,2(e) and safe water supply.2(f)  
The world population is projected to increase from the present six billion to nine 
billion by the year 2040 (Table 1.1). Much of this population growth will be in the 
developing world. When viewed against the reality of resource depletion, a 
more sustainable development is called for. Sustainable development is defined 
as development that fulfils the needs of present generations without 
endangering the possibilities of fulfilment of the needs of future generations.3 
Table 1.1  Situational analysis 1995 and prognosis for 2040 
 1995 2040 
Population 5 x 105 10 x 105 
Energy consumption (EJ) 350 900 
Energy consumption per capita (W) 2200 3000 
Agricultural land (ha) 3.4 x 109 2.8 x 109 
Organic materials (ton) 0.3 x 103 1.0 x 103 
Green Chemistry and Sustainable Development 
 
In response, a major drive towards more sustainable development has resulted 
in two landmark international conferences: the United Nations Conference on 
Environment and Development (UNCED, Rio de Janeiro, 1992) and the World 
Summit on Sustainable Development (Johannesburg, 2002). As a result of 
UNCED, Agenda 21 was adopted as a comprehensive plan of action towards 
sustainable development for the 21st century. 
1.1.1 TECHNOLOGY AND SUSTAINABLE DEVELOPMENT 
An examination of the major challenges cited in 1 makes clear these challenges 
have economic, industrial and socio-political dimensions,4 and therefore an 
interdisciplinary approach is necessary for successful intervention. Technology 
and the sciences are relevant to this discussion from two perspectives: the 
impact of technology on the natural environment and as a tool for the promotion 
of sustainable development. 
Technology, as a set of processes in which input materials and energy carriers 
are transformed, interacts with the ecosphere via two mechanisms: the 
extraction of natural resources and the emission of waste products into the 
ecosphere (Figure 1.1).5 
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technosphere 
ecosphere 
solar energy 
high quality products 
(crops, wood) 
heat production 
low quality products 
(CO2, H2O) 
 
Figure 1.1  The ecosphere-technosphere interaction 
Sustainable development therefore demands that resources should not run out 
and emissions should not endanger the ecological system. This places 
technology and, particularly, chemical technology at the centre of sustainable 
development. 
1.1.2 CHEMICAL TECHNOLOGY AND THE ENVIRONMENT 
Since the industrial revolution6 chemical technology has offered ways of 
producing better and cheaper products for domestic, industrial, agricultural and 
pharmaceutical applications. Much of the production has, however, taken place 
with little regard for the environment. In addition when such products of the 
chemical industry are processed by the non-chemical industry into final 
products for the end user,4 large amounts of volatile organic compounds (VOC) 
are used, which in turn are emitted into the environment. Furthermore, waste is 
generated when products are discarded after they have been used.7 Examples 
of industrial harm to the environment are well documented and include the 
depletion of the ozone layer,8(a) the greenhouse effect,8(b) acid rain,8(c), 2(c) poor 
air quality9 and ground and surface water contamination.10,11 
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1.2 GREEN CHEMISTRY 
1.2.1 DEFINITION 
The proliferation of some of the problems cited in 1.1.2 has been a concern as 
early as the nineteenth century, when the earliest known environmental 
regulations were passed.12 Today an effort to promote the design and use of 
clean chemical technologies – green chemistry – is encouraged by the need to 
comply with environmental regulation and by socio-economic factors. 
Green chemistry is an effort towards eliminating pollution by making chemical 
products that are not harmful to either human health or the environment and is 
defined13 as the invention, design and application of chemical products and of 
chemical processes to reduce or eliminate the use and generation of hazardous 
substances. 
This definition, encompassing the concepts “invention and design” and “use and 
generation”, means green chemistry aims to prevent or minimise pollution at its 
source, rather than cleaning up after the mess, and requires at the design stage 
intimate knowledge of the chemical impact of the whole production process and 
of all materials used and generated during the process. 
1.2.2 HISTORICAL DEVELOPMENT 
Human activity has always resulted in pollution,7 but it was only in the 
nineteenth century that the earliest known attempts at environmental regulation 
were made.7 The earliest regulations were mainly aimed at organising domestic 
waste disposal and at controlling smoke.9 Over the decades industrial 
expansion has resulted in both wide-scale pollution and better understanding of 
environmental issues. By the post-World War 2 period, specific technologies 
were already being applied to specific problems. The 1970’s saw a growth in 
the understanding that natural resources are limited. This resulted in an interest 
in recycling and reuse of wastes. However, at the industrial level, recycling 
 4
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nts.17-18 
proved unprofitable because of the high level of contaminants found in the 
recycled products.14 This observation led to the popularisation of incineration as 
a solution for the treatment of toxic waste. However, the release of heavy 
metals and other toxins during incineration, as evidenced by environmental 
damage in the vicinities of incineration plants, led to criticism of this method by 
environmental pressure groups, the general public and political authorities. The 
1980’s and the 1990’s saw a better understanding of environmental issues 
among researchers. This triggered an exponential increase in environmental 
regulation by authorities, and the consequent cost of abiding by environmental 
laws has forced both industry and academia to conduct research into cleaner 
technologies,15-16 and, significantly, the development of green chemistry 
courses for science and engineering stude
1.2.3 PRINCIPLES OF GREEN CHEMISTRY 
The recent activity in the area of green chemistry has resulted in the emergence 
of distinctive objectives and principles, as articulated by Anastas and 
Warner.1(a), 19 These are: 
• Prevention: It is better to prevent waste than to treat or clean up waste after 
it has been created. 
• Atom economy: Synthetic methods should be designed to maximise 
incorporation of all materials used in the process into the final product. 
• Less hazardous chemical syntheses: Wherever practicable, designing 
synthetic methods that use and generate substances that pose little or no 
toxicity to human health and the environment.  
• Designing efficient, but safer chemicals: Chemical products should be 
designed to effect their desired function while minimising their toxicity. 
• Use of safer solvents: The use of auxiliary substances (e.g. solvents, 
separation agents, etc.) should be avoided wherever possible and only 
 5
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innocuous susbstances used when necessary. 
• Design for energy efficiency: Energy requirements of chemical processes 
should be recognised for their environmental and economic impacts and 
should be minimised. If possible, synthetic processes should be conducted 
at ambient conditions of temperature and pressure. 
• Use of renewable feedstocks: A raw material or feedstock should be 
renewable rather than depleting whenever technically and economically 
possible. 
• Reduction of unnecessary derivatisation: Unnecessary derivatisation 
(use of blocking groups, protection/deprotection and temporary modification 
of physical/chemical process) should be minimised or avoided if possible, 
because such steps require additional reagents and can generate waste. 
• Design of catalytic processes: Catalytic reagents, which should be as 
selective as possible, are superior to the stoichiometric reagents. 
• Design for degradation: Chemical products should be designed so that at 
the end of their function they break down into innocuous degradation 
products and do not persist in the environment. 
• Real-time analysis methodologies: Analytical methodologies need to be 
further developed to allow for real-time, in-process monitoring and control 
prior to the formation of hazardous substances. 
• Use of inherently safer chemistry: Substances and the form of substance 
used in a chemical process should be chosen to minimize the potential for 
chemical accidents, including releases, explosion and fires. 
1.2.4 GREEN/ SUSTAINABILITY CREDENTIALS 
In order to evaluate the “greenness” of chemical processes, a system of metrics 
has been proposed to drive industry and academia towards greener and more 
 6
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sustainable practices. To this end, a number of metrics have been developed to 
help scientists understand issues, enable benchmarking and allow improvement 
targets to be set.5,20 The most frequently quoted metrics are outlined below. 
• Renewability condition 
In response to resource depletion, the renewability of resources has to be the 
first consideration. Renewable resources are those that are generated at a rate 
at least as high as the consumption rate. For a renewable resource, the 
renewability condition ρ is equal to or higher than 1. 
cons
prod
R
R        =ρ ,  where Rprod and Rcons are the rate of production and 
consumption rate, respectively. 
• E-factor 
The E-factor draws attention to the amount of waste for a given mass of product 
and exposes the wastefulness of a particular process. 
product of  mass
  wastetotal  factor-E =  
• Atom economy (AE) 
Atom economy (AE) expresses the proportion of the starting materials 
incorporated into the final product (and reaction intermediates), without 
accounting for solvents and reagents. For the generic reaction A + B  C: →
 
 
( ) 100  x  B of MW  A of MW
C of MW   economy     Atom +=
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• Mass intensity (MI) 
Mass intensity (MI) takes into account the total mass of the reaction, i.e. 
reactants, reagents, catalyst, solvents, etc., but excludes water. It is expressed 
as a mass/ mass ratio. 
 
 product of mass
step) process (or process a in used mass total     intensity  Mass =  
• Mass productivity 
Mass productivity is similar in form to effective mass yield and is the reciprocal 
of mass intensity expressed as a percentage. 
100  x 
 step) process (or process a in used mass total
product of mass   y   productvit  Mass =  
• Effective mass yield 
The effective mass yield expresses the proportion of the mass of product that is 
derived from benign materials. The definition of benign is, however, problematic 
where human toxicity and ecotoxicity information is not routinely available. 
100  x 
 reagents benign-non of mass
products of mass       yieldmass Effective =  
• Reaction mass efficiency 
Reaction mass efficiency (RME) is the percentage of mass of the reactants in 
the final product. It accounts for the efficiency of yield and the stoichiometry of 
the reactants used. 
100  x 
BofmassA ofmass
C  product  of mass      efficiency mass Reactive +=  
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The same metric can also be expressed as 
( )   x  yield B/A ratio molar x B of MW     A of MW
C product of MW      efficiency mass Reactive +=  
1.2.5 GREEN CHEMISTRY AND THE INDUSTRIAL PROCESS 
All tangible products are made from chemical substances and thus lend 
themselves (and their process of manufacture) to developments in chemical 
technology. In addition, it is clear from Sections 1.1.1 - 1.2.3 that for sustainable 
development, adoption of green practises are indispensable to the chemical 
industry. One can thus conceptualise an inter-marriage between green 
chemistry and industrial engineering culminating in “green engineering” – the 
design, commercialisation and use of processes and products that are feasible 
and economical, while minimising pollution at the source and risk to human 
health and the environment.21  
1.2.5.1 The life cycle approach 
Green chemistry is recognised for its role as an industrial tool that facilitates 
environmental improvements at every stage in the life cycle of a product from 
design to degradation. This is referred to as the life cycle approach,18,22 and 
green chemistry principles are applied at each stage. It should, however, be 
borne in mind that trade-offs may be unavoidable in applying the green 
principles to each situation. For example, when water is used as a greener 
substitute for a VOC in a process, the energy required to remove it from the 
product needs to be considered in assessing the greenness and economical 
viability of the process. 
Figure 1.2 (page 11) shows how green chemistry impacts the various stages in 
the life cycle of a product. Of the stages, material acquisition, manufacturing 
and recycling are the ones most associated with green chemistry. 
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1.2.5.1.1 Material acquisition and input: 
From a synthetic chemistry point of view, chemical products can be made from 
a variety of starting materials and methodologies. An early stage in the design 
of a manufacturing process is the selection of starting materials. Knowing this 
allows for the development of selection criteria in the choice of material input 
and synthetic methodology.22(a) Therefore, instead of changing the final product 
and perhaps affecting product performance, industry can manufacture the same 
product while dramatically improving its environmental. Some of the relevant 
selection criteria are: 
• Methods to be used in the acquisition of starting materials (eg mining, 
agriculture, etc.) should have minimal environmental impact. 
• Material inputs over the life cycle should have little or no toxicity. 
• Feedstocks/ starting materials should be renewable. 
Where possible, “waste” from one process should be used as starting materials 
for another process, thereby reducing costs and solving the waste disposal 
problem. 
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Figure 1.2  
 
Energy/ Environment/ Materials 
Materials acquisition 
Possible green chemistry impacts in the life cycle of an industrial product 
and input 
Manufacturing, 
processing and 
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• Alternative feedstocks 
• Non-toxic material input 
• Renewable inputs 
• Innocuous solvents 
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• Low or no energy required for
product use 
• Non-polluting products 
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• Reusability of product as 
feedstock 
• Atom economy 
• Catalysis 
• Energy minimisation
• Hazard reduction 
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1.2.5.1.2 Manufacturing, processing and formulation: 
The manufacturing stage can have the most significant environmental impact 
even when the final product (and/or its degradation products) is environmentally 
benign. It is the stage most associated with green chemistry and it is aspects of 
manufacture that this thesis deals with. It is therefore important to identify 
potential green chemistry opportunities within the manufacturing process. The 
following areas are most promising in terms of the beneficial impact of green 
chemistry on the chemical industry. 
• Atom economy: Apart from the cost factor, a major consideration is 
the efficiency of the particular process in question. An efficient reaction is 
characterised by high conversion rates and overall yields, as a result of 
the incorporation of most (or all) of the materials used into the final 
product, resulting in the generation of minimal amounts of unconverted 
waste and side-products.  
• Structural manipulation: It is possible to understand at the molecular 
level what structural aspects cause toxicity. As part of green engineering, 
molecular structure could be manipulated to reduce or eliminate toxicity. 
This, however, has to be balanced against the effect on product 
performance. 
• Hazardous reagents and solvents: The full range of hazards to 
human health and the environment, including the industrial environment 
should be understood in order to design or select safer, easier-to-handle 
alternatives (solvents, protecting/modifying groups, catalysts, etc.) In 
most industrial processes, solvents are the main source of waste and 
pollution. The use of ionic liquids as more benign alternative solvents is 
one of the subjects of this thesis. 
• Energy use and efficiency: The energy requirement of a process is 
a major consideration in the manufacturing process. The energy required 
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for a chemical reaction depends on the bond dissociation energy of the 
particular bond in question. The choice of starting materials dictates the 
chemical pathway and therefore the energy requirement of a process, i.e. 
the temperature, pressure, etc. conditions of the process. These have 
significant cost implications to industry. As far as possible, industrial 
processes have to be designed so that there is no need to deviate from 
ambient conditions. Heating, for example, may be avoided when 
catalysts are used to lower the activation energy of a reaction.23 The 
economic benefit lies in the cost of energy input and in the minimisation 
of the possibility of thermal pollution. 
1.2.5.1.3 Packaging, distribution and product use: 
While green chemistry research focuses mainly on the manufacturing 
processes, the green chemistry principles and concepts can be applied to the 
packaging and distribution stages. In product conception, the product could be 
designed with characteristics that minimise environmental impact. For example, 
by altering the form of the product from a heavy liquid to light powder, 
transportation costs can be lowered. Excessive packaging can also be 
minimised at design level. For instance, if a product needs to be painted or dyed 
a certain colour, it should instead be designed at a molecular level to be a 
specific colour, thereby eliminating the environmental impact associated with 
painting or dyeing. 
1.2.5.1.4 Recycling and disposal: 
As mentioned earlier, recycling was born out of the realisation that natural 
resources are limited and depleting.14 Glass, scrap metal and plastics are but a 
few examples of widely recycled materials. At the end of a chemical process 
there would be some “waste” products. In accordance with the principles of 
green chemistry, the wastes are isolated, purified and reused in repeat 
processes or, alternatively, as feeds in other processes with or without further 
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modification. Another green chemical concept is the design of a system such 
that by-products biodegrade at the end of their use. This eliminates the problem 
of persistent toxic waste in the environment. 
1.2.5.2 Selling green chemistry to the chemical industry 
The success of green chemistry as outlined in Sections 1.2.1- 1.2.6 will largely 
depend on the extent to which green practices are adopted by the chemical 
industry. While regulations have in the past forced industry to adopt a number of 
practices that are environmentally beneficial, industry will adopt such practices 
fully if such practices make business sense.24 The following are some of the 
considerations, besides the obvious environmental benefits, why green 
chemistry is indispensable to industry. 
• Economic sense: A powerful incentive for industry to adopt green 
chemistry is the enormous inherent potential for the reduction of 
operational costs: environmental compliance costs decrease when less 
waste is generated; when waste is eliminated, treatment and disposal 
become unnecessary; decreased solvent usage and fewer processing 
steps enhance material and energy efficiency.99 Improved atom economy 
and selectivity enhance profitability.24 
• Public relations:  In the public eye, the chemical industry is often 
considered unfavourably because of the concerns over adverse 
environmental impact, safety and waste.16 Adoption of green chemistry 
could result in dramatic reductions in resources spent on public relations 
exercises and on defence of lawsuits lodged against offending 
companies. 
• Green consumerism and shareholder value:  Green consumerism has 
taken root amongst consumers and shareholders as they become more 
aware of environmental issues. It therefore follows that products and 
manufacturers with poor environmental profiles are becoming less 
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popular. It is believed that shareholder pressure could overtake 
regulation in the promotion of green industrial practice.25 
• Better products: Adoption of green chemistry in the R & D 
departments of industry will result in better products. Industries have in 
the past met awkward situations when products already launched were 
found to be unsafe and were banned and recalled. This kind of scenario 
is preventable through green chemistry. 
• Future business viability: While it is difficult to establish when 
sources of particular fossil feedstocks will be exhausted, as resources 
get scarcer feedstock prices will certainly rise in the future, thereby 
eroding the corporate bottom line. Green chemistry addresses exactly 
this concern, thereby ensuring future viability of the business. 
1.2.6 STRATEGIES IN GREEN CHEMISTRY 
1.2.6.1 Alternatives to volatile organic compounds as reaction media 
A great deal of synthetic chemistry (laboratory and industrial) is carried out in 
the solution phase using volatile organic compounds (VOC), such as ethers, 
alkanes, chlorinated hydrocarbons and aromatic compounds as solvents. 
Volatile organic compounds are popular as reaction media for the reason that 
they are easily separated from the product(s) after the reaction, thereby 
simplifying the purification of isolated products. However, these volatile organic 
compounds are associated with a number of problems, namely flammability, 
volatility and toxicity. In addition, they are difficult to contain and in many cases, 
destructive to the environment on exposure. Because these volatile organic 
solvents are used in large quantities in both the chemical and the non-chemical 
industries, alternative reaction media can play an important role in green 
chemistry.13 The search for alternative solvents that are less volatile and less 
harmful to the environment and human health has recently become a priority for 
research. Alternative approaches include solvent-free procedures, the use of 
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supercritical fluids, highly fluorinated molecules and ionic liquids as solvents for 
chemical reactions and extractions. When compared to one another, these 
media have their advantages and disadvantages. However, it is ionic liquids, 
judging by the recent literature, that have generated the most interest over the 
past few years.26 The work described in this thesis will concentrate on using 
solvent-free procedures and ionic liquids. 
1.2.6.1.1 Ionic liquids 
Ionic liquids are substances comprised entirely of ions that, depending upon the 
nature of the ions, can exist as liquids at room temperature (RTIL). They 
typically consist of N-containing or P-containing organic cations and weakly 
coordinating inorganic or organic anions (Figure 1.3). The large number of 
possible ways of combining the ions to make ionic liquids results in a significant 
flexibility of structure and function.27  
N
R2R4
R3
R1
P
R2R4
R3
R1
S
R2R3
R1
N
R1
N N
R1 R2
BF4- PF6- NO3- Br- I-
ClO4- AlCl4-SbF6- CF3SO3
-Cl-  
Figure 1.3  Commonly used cations and anions for ionic liquids 
An early example of an ionic liquid is [EtNH3][NO3], which was first described in 
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1914 and has a melting point of 12 °C.28 Chloroaluminates were discovered in 
the 1940’s by Hurley and Weir29 while electroplating aluminium. A clear liquid is 
formed upon heating a mixture of an N-alkylpyridinium salt and aluminium 
chloride. Early interest in ionic liquids has been in the area of electrochemistry, 
however, more recent publications have focused on the potential use of ionic 
liquids in synthesis, catalysis and separations.30 
1.2.6.1.2 Preparation of ionic liquids 
Common ionic liquids used so far are made by combining organic cations with 
inorganic counter ions. As an example, any one cation can be combined with 
any one anion, and vice versa (Figure 1.3). Chemical and physical properties of 
the resulting ionic liquid will depend on the particular ion combination. Further 
diversity can be built into the ionic liquid by varying the alkyl side-group. An 
alteration in the alkyl side-group has an impact on the physical properties of the 
ionic liquid. For example, ionic liquids with longer alkyl side-groups on the 
imidazolium rings have lower melting points. Most common salts in use are 
those with alkylammonium, alkylphosphonium, N-alkylpyridinium and 1,3-
dialkylimidazolium cations. The main methods of preparation are 
quarternisation, metathesis and fusion (Scheme 1.1). The choice of a particular 
method is largely dependent upon the ionic liquid and purity desired. 
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Scheme 1.1 Synthesis of imidazolium ionic liquids 
(a) Quarternisation 
Alkylammonium and dialkylimidazolium ionic liquids are prepared by the 
reaction of the appropriate alkyl halide and amine (Scheme 1.1 a). This results in 
the quarternisation of the nitrogen, thus forming the ammonium or imidazolium 
ionic liquids. Traditionally, the synthesis is done under reflux conditions in an 
aromatic solvent over 24 h.31 In such preparations, the use of aromatic solvents 
somewhat reduces the greenness of the process. However, when a slight 
excess of the alkyl halide is used the procedure can be carried out with similar 
efficiency without addition of an aromatic solvent. Preparations involving short-
chain alkyl halides, such as the synthesis of 1-ethyl-3-methylimidazolium 
chloride ([emim]Cl)32 require the use of sealed tubes, as short-chain alkyl 
halides are highly volatile. Hence the use of salts with longer chain alkyl side-
groups, which can be prepared under reflux in conventional glassware, has 
recently become popular.  
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Imidazolium ionic liquids have also been synthesised using microwave 
irradiation. This is done by irradiating the neat reagents with microwaves to 
effect quarternisation. Varma and Namboodiri have reported on the synthesis of 
mono- and di-cationic 1,3-dialkylimidazolium halides.33, 34 This protocol required 
only a few minutes, in contrast to the several hours needed under conventional 
heating conditions. However, the protocol suffers from poor reproducibility35 as 
a result of evaporative loss – leading to the necessity of up to 100 % molar 
excess of the alkyl halide – and charring due to superheating.36 
 (b) Metathesis 
Some ionic liquids, such as those containing tetrafluoroborate and 
hexafluorophosphate anions, cannot be made by direct quarternisation and are 
prepared by metathesis (Scheme 1.1 b) of precursors with appropriate salts at 
room temperature. As an example, 1-ethyl-3-methylimidazolium 
tetrafluoroborate ([emim][BF4]) is prepared by the metathesis of [emim]Ii with 
silver tetrafluoroborate in methanol.37 The driving force for the ion exchange is 
both the insolubility of silver iodide in methanol and the size difference between 
the two anions. The same preparation can be achieved more cheaply by using 
ammonium or sodium tetrafluoroborate in acetone. 1-Butyl-3-methylimidazolium 
tetrafluoroborate ([bmim][BF4]) and 1-butyl-3-methylimidazolium 
hexafluorophosphate ([bmim][PF6]) are made similarly, using 1-butyl-3-
methylimidazolium chloride ([bmim]Cl) as precursor. Water can also be used as 
solvent for these metatheses, and the ionic liquids conveniently dried by heating 
at 70 – 80 ºC in vacuo for 6 – 8 h.  
The drawback of metathesis preparations is that the ionic liquids may be 
contaminated with variable amounts of halide anions that may interfere with 
solute materials and subsequent reactions.38 This problem can be eliminated by 
performing the metathesis over an ion exchange resin.39 Another strategy is the 
 
i [emim]Br or [emim]Cl can also be used in place of [emim]I. 
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use of Brønsted acids as an anion source for metathesis. The use of Brønsted 
acids produces volatile haloacids as the only by-products, which are easily 
removed by evaporation. [Emim][PF6]40 and [bmim][BF4]41 have been 
synthesised in this way. 
Ultrasonic radiation as promoter for metathesis has also been investigated. In a 
study that incorporated real-time conductimetric analysis, Lévequê et al.42 found 
that ultrasonic radiation dramatically enhanced the metathesis of [bmim]Cl with 
NH4BF4 or NH4PF6. The reaction proceeded smoothly and was considered 
complete after 1 hour, in contrast with the 24h necessary under classical stirring 
conditions.36 
(c) Direct fusion 
Finally, ionic liquids can be made by direct combination of a halide salt with a 
metal halide (Scheme 1.1 c). An imidazolium or pyridinium halide salt is mixed, 
under a dry inert atmosphere, directly with the appropriate aluminium halide in 
the ratios necessary to generate the composition required.43 On mixing, an 
exothermic reaction occurs and two solids melt into a clear liquid, hence the 
term “fused salts”. As the process is exothermic, inadequate heat control may 
lead to thermal decomposition of some organic components.9 Great care should 
also be exercised in protecting the reaction mixture from atmospheric moisture, 
as chloroaluminate ionic liquids are extremely hygroscopic. 
1.2.6.1.3 Properties of ionic liquids 
Ionic liquids exhibit a varied range of physical and chemical properties. 
Literature has provided evidence for a relationship between the structural 
features of an ionic liquid and its physical and chemical properties, such as 
melting points,32,37 vapour pressure,44 thermal stability,45 densities,40,46 and 
coordination properties. 44,47 Researchers have exploited this relationship as an 
opportunity to design ionic liquids with properties most suitable for intended 
applications.48,49 There are three levels at which at which ionic liquid properties 
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can be ”tuned”: 
• the type of cation (e.g. imidazolium, pyridinium, etc.) 
• the nature of the side groups (e.g. chain length, symmetry 
considerations, whether functionalised, etc.) 
• the type of anion 
 
The following are positive attributes of ionic liquids that make them suitable for 
application in organic and organometallic synthesis: 
• Ionic liquids have very low vapour pressures and are therefore easy to 
contain. 
• Ionic liquids are thermally stable, in some cases even above 200 ˚C. 
• Ionic liquids are good solvents for a wide variety of organic, inorganic 
and organometallic compounds. 
• Ionic liquids are generally good solvents for gases, and can be used in 
hydrogenations, hydroformylations and aerobic oxidations. 
• Some ionic liquids are immiscible with either water or certain organic 
solvents and can be used in biphasic reactions. 
• Ionic liquids have adjustable polarity and hydrophobicity. 
• Ionic liquids are non-coordinating. 
• Ionic liquids are polar and can stabilise dipolar and charged solutes. 
• Some ionic liquids are recyclable. 
• Some ionic liquids display catalytic activity. 
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• Ionic liquids do not require specialised equipment. 
1.2.6.1.4 Drawbacks associated with ionic liquids 
As seen in Section 1.2.6.1.2, ionic liquids, although relatively easy to prepare, 
are difficult to obtain in pure form. Even commercially sourced “High Purity” 
grades contain levels of dissolved chloride and water comparable to those 
found in homemade ionic liquids.50 In addition, in examples such as 1-alkyl-3-
methylimidazolium ionic liquids, incomplete alkylation of 1-methylimidazole by 
alkyl halides results in the presence of 1-methylimidazole in the final product.51 
1-Methylimidazole has a boiling point of 198 ºC and is a coordinating base and 
thus difficult to remove from the ionic liquid.52 Purity in ionic liquids is therefore 
best ensured at synthesis. 
Another concern is the relatively high cost of commercially sourced ionic liquids. 
The starting materials for in-house synthesis, such as alkylated imidazoles and 
tetrafluoroborate and hexafluoroborate salts (or their Brønsted acid 
counterparts) are also expensive. The high cost of certain ionic liquids is, 
however, to a certain extent mitigated against through recycling, or in those 
instances where the functionalised ionic liquid in use plays the role of both 
solvent and reagent/catalyst (Section 1.2.6.1.5 b). 
Concerns about the environmental impact of ionic liquids have also been raised. 
For instance, it is common knowledge that the most commonly used counter 
ions, tetrafluoroborate and hexafluoroborate, release HF, especially at elevated 
temperatures.53 Ionic liquids such as [bmim][BF4] and [bmim][PF6] can therefore 
be regarded as posing an environmental risk. However, environmental risk is 
measured in terms of toxicity and environmental exposure and is 
mathematically represented54 as: 
Risk = hazard x exposure 
In the absence of toxicological data, ionic liquids can still be considered safe, as 
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their ease of containment renders the exposure factor negligible. This is only 
true on the basis of the fact that due to their non-volatility, ionic liquids cannot 
be released via air pollution. However, should such ionic liquids be released 
through, e.g., the waste water stream, the question of toxicity (hazard) remains 
a major environmental concern. Jastorff et al.55-56 have carried out an 
environmental risk assessment of imidazolium ionic liquids using a combination 
of structure–activity relationships (SAR), toxicological and ecotoxicological 
tests. Their studies focused on the influence of the chain length of the 
imidazolium cation on the cytotoxicity in marine bacteria and two types of 
mammalian cell cultures. In that study it was found that the shorter the chain 
lengths, the lower the cytotoxicity. Furthermore, most of the ionic liquids were 
comparable in toxicity to most common organic solvents, such as acetone. 
Subsequent to this study, the same group has proposed an elaborate 
conceptual framework for eco-design of ionic liquids.57 
1.2.6.1.5 New trends in ionic liquid chemistry 
(a) Synthesis 
One of the drawbacks mentioned in Section 1.2.6.1.4 is poor purity. Ionic liquids 
derived from [bmim]Cl, for example, are invariably contaminated with chloride 
ions after the metathesis step. Although using Brønsted acids in place of 
sodium salts can avert this problem, strong acids such as HBF4 could prove 
difficult to handle. Egashira et al.58 have developed a new N-alkylation strategy 
that circumvents halide contamination of hydrophilic ionic liquids. In N-alkylation 
the alkylimidazole is reacted with trimethyloxonium tetrafluoroborate (the 
Meerwein reagent, Me3OBF4) to yield the desired halide-free ionic liquid, after 
20 h of stirring at room temperature (Equation 1.1). The ionic liquid is then 
washed with diethyl ether and dried under reduced pressure. 
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Me3OBF4
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R'
Me BF4
- Me2O
 
Equation 1.1  N-alkylation process for the synthesis of substituted imidazolium 
tetrafluoroborate. 
(b) Functionalised ionic liquids 
Room temperature ionic liquids, with the exception of chloroaluminate ionic 
liquids, have traditionally been viewed and used as inert reaction media. 
Recently, more examples of active ionic liquids have appeared in the literature. 
The so-called functionalised or task-specific room temperature ionic liquids 
(TSIL) are principally similar in most respects to conventional ionic liquids, 
except that a functional group is covalently attached to either the cation59 or the 
anion.60 This type of ionic liquid can serve in more than one capacity, namely as 
reaction medium and as reagent or catalyst. It can be viewed as the liquid 
version of solid-supported reagents,61 or as an extraction agent (Section 
1.2.6.1.6a).62 
Kamal and Chouhan60 have prepared 1-butyl-3-methylimidazolium thiocyanate 
([bmim][SCN]) as medium and reagent for the synthesis of alkyl thiocyanates 
from the corresponding alkyl halides. The ionic liquid was prepared by 
metathesising [bmim][Cl] with KSCN in acetone at room temperature (Equation 
1.2). 
+N N Cl- KSCN
acetone
48 h, RT N N
SCN-
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Equation 1.2  Room temperature synthesis of [bmim][SCN] 
A range of alkyl halides were thiocyanated with [bmim][SCN]. Quantitative 
yields of target products were obtained within 10 min at room temperature 
(Equation 1.3). [Bmim][Cl], which formed after the reaction, was reconverted 
into [bmim][SCN] upon treatment with KSCN, thus allowing for the recycling of 
the ionic liquid.  
X
Cl
O
+ [bmim][SCN]
RT
10 min
X
SCN
O
X           % Yield
Cl                   95
Br                   93
MeO               96  
Equation 1.3  Thiocyanation of alkyl halides using the ionic liquid [bmim][SCN] 
 
In another departure from focussing on the “neutral” role ionic liquids play, 
research has turned attention to the synthesis and use of chiral ionic liquids 
(cRTIL). Chiral synthesis in ionic liquids has traditionally been achieved via the 
use of chiral reagents and catalysts. Yet ionic liquids are particularly attractive 
due to their high degree of organisation. Early synthesis of chiral ionic liquids 
has involved the use of expensive alkylating agents.63 More recent syntheses 
involve the use of readily available compounds from a selected “chiral pool” as 
precursor.64 Regrettably, overall yields are generally low as a consequence of 
the number of modification steps involved (Scheme 1.2), which could also have 
a significant impact on the biodegradability of the final products. 
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R = -(CH2)2OH, n-C8H17, -(CH2)3OH
X = NTf2, PF6-  
Scheme 1.2  Multi-step synthesis of (L)-valine-derived ionic liquids 
(c) Biorenewable ionic liquids 
The commonly used imidazolium ionic liquids are synthetic materials whose 
component ions are synthesised in an environmentally unfriendly manner. It is 
more desirable, from a green chemistry perspective, to synthesise ionic liquids 
from non-toxic, biorenewable natural sources. Any compound that can be 
turned into an ion can potentially be incorporated into an ionic liquid. An added 
advantage of using natural sources for ionic liquids is the inherent chirality 
present in many of the natural products. Amino acids are emerging as a popular 
natural source for ionic liquid cations and anions. Fakumoto et al.65 have 
synthesised novel ionic liquids by coupling 1-ethyl-3-methylimidazolium ([emim]) 
cation to 20 different natural amino acids. In the same year, Tao et al.66 
reported on amino acid-derived ionic liquids where the cations are derived from 
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natural α-amino acids and α-amino acid esters (Scheme 1.3). Half of the amino 
acid ([AA]) salts were solid, presumably due to strong H-bonding involving the 
carboxylic acid groups. On the other hand, the amino acid ester ([AAE]) salts 
were liquid below 100 ºC and half of these were liquid at room temperature. The 
ionic liquids were thermally stable up to 200 ºC. 
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[AAE][Y]
X-
Cl-
[AAE][Cl]
Y-
 
Scheme 1.3  Strategy for the synthesis of amino acid-based ionic liquids 
More recently, Tao et al. reported on the synthesis of two families of “fully 
green” ionic liquids comprised of α-amino acid ester cations, nitrate and 
saccharide anions (Figure 1.4).67 The authors have coined the term “fully green 
ionic liquids” to refer to those ionic liquids comprised of ions which are naturally 
occurring and biodegradable. The nitrate anion is non-toxic, while saccharide is 
non-fluorous (in contrast with tetrafluoroborate and hexafluorophosphate 
anions). 
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Figure 1.4  “Fully green” amino acid-based ionic liquids 
The authors report that these ionic liquids had similar characteristics to 
conventional imidazolium ionic liquids, are chiral and could be used as 
substitutes for volatile organic compounds. Fakumoto’s and Tao’s methods are 
a departure from earlier syntheses of amino acid-derived ionic liquids, where 
the natural materials were merely used as precursors in multi-step syntheses of 
more complex materials.64 
1.2.6.1.6 Applications of ionic liquids 
Chemistry is dominated by processes taking place in solution and the earliest 
known concepts of chemistry emanated from the study of aqueous systems. 
However, it became clear to organic chemists that numerous processes, for 
example those involving Grignard reagents,68 cannot take place in water. 
Naturally, interest in solvents other than water grew.69 The use of organic 
solvents, ammonia and covalent halides resulted in a general expansion in the 
knowledge of reactive chemistry. However, all these solvents are molecular. 
Ionic medium used in early synthetic chemistry involved the use of molten salts, 
such as sodium chloride. The liquid state of these salts appears only at high 
temperatures,i at which many organic and organometallic compounds would 
decompose. Room temperature ionic liquids on the other hand present an 
invaluable opportunity to conduct routine processes in ionic media at low 
                                            
i For example, NaCl melts at 803  °C. 
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temperatures and, due to their unique properties, are set to usher in a new 
expansion in the knowledge of chemistry. Indeed the use of ionic liquids has 
already seen improvements in areas of extractions, catalysis and synthesis. 
(a) Extractions 
Physical properties of ionic liquids make them excellent candidates for product 
recovery. For example, because ionic liquids have a low vapour pressure, 
volatile organic molecules can be recovered by distillation; moisture-stable ionic 
liquids, such as the hydrophobic hexafluorophosphates, make possible the 
aqueous extraction of hydrophilic solutes.70a pH-Dependent partitioning has 
also been demonstrated for organic solutes containing ionisable groups. As an 
example, in the [bmim][PF6]-water liquid-liquid system, partition coefficients for 
benzoic acid are higher under acidic conditions, while for aniline (which is 
oppositely charged), the partition coefficients are higher at alkaline pH.i It is also 
possible to achieve a complete pH-dependent phase switch in some cases. 
Thymol blue (Scheme 1.4), an aromatic dye, exhibits phase preference for 
[bmim][PF6] in its protonated red form at low pH, while the phenolate blue form 
partitions quantitatively into the aqueous phase.i 
AcidicBasic
O-
SO3
-
O
Blue
OH
SO3H
O
Red
thymol blue
thymol blue
aqueous
phase
[bmim][PF6]
 
Scheme 1.4  pH-dependent phase switching by thymol blue 
                                            
i pH adjusted with H2SO4/NH4OH. 
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In contrast to the relative ease of partitioning of organic solutes into ionic liquids, 
metal ions poorly partition into the ionic liquid extracting phase due to their 
tendency to remain hydrated in the aqueous phase. Visser et al62 reported the 
first use of task-specific ionic liquids, specifically designed to be both ionic 
liquids and extract targeted heavy metal ions. The task-specific ionic liquids 
comprised a functionalised cation coupled to hexafluoroborate. This study has 
proved that some of these task-specific ionic liquids are highly efficient. The 
distribution coefficients of Hg2+ and Cd2+ in a [bmim][PF6]-aqueous system at 
pH 7 are 0.84 and 0.03, respectively, indicating a strong preference of these 
ions for the aqueous phase. However, on using the thioether-appended ionic 
liquid 1 (Figure 1.5) as extracting phase, the corresponding distribution 
coefficients were 210 and 380, respectively, indicating an effective partitioning 
of both metals into the ionic liquid. The distribution coefficients were 350 and 
20, respectively, when the thiourea-appended ionic liquid 2 was used, indicating 
the suitability of this ionic liquid for Hg2+ but not for Cd2+. 
 
N N
S
N N
H
N
H
N
S
1
2
PF6-
PF6-
 
Figure 1.5  Cations for task-specific ionic liquids used in extractions 
 
i pH adjusted with CO2/NH3. 
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(b) Biphasic catalysis 
The rising cost of chemicals and environmental concerns has raised the need to 
reduce catalyst consumption. A reduction in catalyst consumption can be 
achieved by boosting catalytic activity and, in systems where catalytic activity 
has already been boosted, by the design and use of recyclable catalysis 
systems,27 where catalysts are easily separated from products and reused. 
Although homogenous catalysis is inherently more efficient than heterogeneous 
catalysis, its main drawback is the difficulty of catalyst separation from the 
products. Biphasic catalysis offers a convenient method of immobilising the 
catalyst in one liquid phase while the substrate(s) reside in another.71 On 
vigorous stirring of the two phases the reaction proceeds at the interphase. The 
two layers, one containing the catalyst and the other the organic materials, 
separate out once the stirring has been stopped at the end of the reaction, and 
the catalyst-containing phase can be reused in a subsequent run (Figure 1.6). 
 31
Green Chemistry and Sustainable Development 
 
C
S
C
S
C
P  +  S
p roduc t s
recy cle s olve nt  and c at aly st
p roduc t
w orkup
C
P  +  S
C
P  +  S
p roduc ts
recy cle  s olve nt   +  cataly s t
p roduc t
w orkup
(a )
(b)
P  +  S
P  +  S
 
Figure 1.6  Flow diagram for two-phase catalysis: (a) products insoluble in the 
catalyst-containing phase; (b) products partially soluble in the 
catalyst-containing phase 
Ionic liquids have solvent characteristics that allow exploitation of the miscibility 
gap between the catalyst phase and the product phases. Biphasic catalysis in 
ionic liquids is therefore attracting increasing interest as the method of choice 
for heterogenising catalysts without the use of specially designed ligands. 
Phase separation is mostly achieved by stopping the stirring after the reaction is 
complete. In some systems phase separation is temperature-dependent.72 The 
reaction is allowed to proceed at one temperature and, upon completion 
thereof, cooled to a temperature that permits the product phase to be decanted 
or poured off the solid catalyst phase. The catalyst could then be reused upon 
reheating. Both the chloroaluminate73 and the more neutral tetrafluoroborate 
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and hexafluorophosphate ionic liquids74 have been found to be suitable for 
biphasic catalysis. Although biphasic catalysis in ionic liquids has been found to 
suffer slow degradation of the catalyst upon repetitive recycling, waste 
production through side-reactions is minimal due to the tendency of ionic liquids 
to suppress conventional solvation and solvolysis.75 In addition, the problem of 
catalyst leaching that has dogged ionic liquid biphasic catalysis in its early days 
has been successfully addressed by the use of ionic liquid-supercritical carbon 
dioxide systems.76 
(c) Synthesis 
In solution chemistry, solvents influence the course of reactions by breaking the 
cohesive forces holding crystalline and liquid solutes together. By altering the 
solvent, one can often manipulate parameters, such as reaction rate and 
product selectivity. Besides being good solvents for a wide range of organic and 
organometallic molecules, ionic liquids possess a unique set of properties 
(Section 1.2.6.1.3), which give them potential to affect reactions differently from 
classic molecular organic solvents. 
The use of ionic liquids in synthesis, as reported in literature, has covered the 
full scope of organic reactions, such as the Diels-Alder reaction,77 the Friedel-
Crafts reactions,78 Wittig reactions,79 hydroformylations,38,80 
hydrogenations,38,81,82, 83,84 oxidations, 85 Heck reactions,86 and others.39 In 
most of the applications, the ionic liquids have been used as neutral media. In 
others the ionic liquids have played active catalytic roles (Section 1.2.6.1.5 b). 
Reported benefits include improvements in reaction rates,77b yields,78a, 
conversion rates,78a selectivities80e and catalyst saving via recycling.85b In 
addition, the use of ionic liquids in synthesis has led to a better mechanistic 
understanding of certain processes. (Section 1.2.7.2). An illustration of the 
impact of green chemistry on organometallic chemistry is covered in Section 
1.2.7. 
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1.2.6.2 Solvent-free synthesis 
The preceding section dealt with the use of ionic liquids as substitutes for VOCs 
in the promotion of green chemistry. Taking the focus on reaction media further 
is the complete elimination of solvents in what is known as the solvent-free 
approach. In this approach, reactions take place between neat reactants without 
the addition of solvents.87 For purposes of this thesis, only those solvent-free 
reactions in which all reactants are solids will be discussed. 
Solvents make solutes more reactive by breaking the cohesive forces that hold 
crystalline and liquid solutes together. On the other hand, in the absence of 
solvents, the concentrations of reactants are maximised and this should 
enhance the reaction rates.88 Although reactants are introduced as solids, the 
reactions often proceed in a melt phase. The formation of a melt phase, 
however, does not guarantee chemical reaction.89 Figure 1.7 (page 34) depicts 
a general binary reaction in the form of a phase diagram. 
All liquids + product precipitation 
B(s) + liquid 
A(s) + liquid 
A + B all solid 
Te
m
p 
TA 
TB 
Te 
A Eu B 
 
Figure 1.7 Typical phase diagram for a eutectic binary system. 
Upon mixing of reactants A and B at low temperature no reaction is yet evident 
and the phase diagram is that of two distinct solids (the area below the dotted 
line). After intermolecular interaction between the two reactants, one of the 
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reactants may melt before the other. Eventually both could melt. The 
temperature at which the reaction occurs depends on the molar composition of 
the melt. The lowest temperature at which the reaction could occur is the 
eutectic temperature, Te, at the eutectic molar composition Eu. With time, the 
melt phase becomes rich in product C, which may start to precipitate out. 
Crystallisation of C may retard the rate of the reaction, which then becomes 
diffusion controlled. 
Fast reaction rates, high yields, low energy inputs and minimal work-up and 
purification procedures are widely observed features of solvent-free protocols. 
However, in the absence of a reaction medium to act as a heat sink in 
exothermic reactions, thermal runaways may result and reactions may overheat 
and reaction vessels may get overpressurised due to rapid gas evolution.90 The 
latter poses a major engineering concern, especially for use in an industrial 
scale-up. Additionally, achieving homogeneity is difficult when solids are 
involved. This can be optimised by ball milling. The chemical nature of the ball 
has to be carefully considered, however, as product contamination by ball 
material is possible.88 
A number of procedures are available for the activation of solid reactants (melt 
formation) under solvent-free conditions. These include direct application of 
heat to the solid mixture (thermochemical activation),91 grinding or ball-milling 
(mechanochemical activation),92 irradiation with microwaves (microwave 
activation),92(b),93 and the use of ultrasonic radiation (sonochemical activation).94 
Solvent-free synthesis covers the full scope of organic chemistry and a wide 
array of organic reactions has been successfully conducted under solvent-free 
conditions.95 However, judging by the literature output, carbonyl condensation 
type reactions seem to be the most amenable to solvent-free synthesis. One 
example of a solvent-free condensation, the synthesis of dihydropyridines by 
Correa and Scott, 96 will be used to highlight superior results realised via 
solvent-free conditions. High conversions were observed, volatile solvents were 
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restricted to recrystalisation and waste production was minimal. 
4-Aryl-1,4-dihydropyridines are used as calcium-channel blockers in the 
treatment of heart disease. The Hantzsch pyridine synthesis provides a route to 
dihydropyridines via the condensation of β-ketoesters with aldehydes.97 A 
series of 4-aryl-1,4-dihydropyridines were synthesised by grinding 
benzaldehyde derivatives with acetoacetate esters in the presence of 1:1 glacial 
acetic acid-piperidine. Methyl-3-aminocrotonate was then added, without further 
purification, to convert the resulting benzylidene to the target dihydropyridine. 
Most of the reactions investigated were complete within 3 h and the 4-aryl-1,4-
dihydropyridines were obtained in quantitative yield. NMR analysis of the 
benzylidene intermediates revealed a mixture of E and Z isomers (major). 
Recrystallisation was used to preferentially crystallise the Z isomers for 
identification purposes. 
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Scheme 1.5  Solvent-free synthesis of 4-aryl-1,4-dihydropyridines 
1.2.6.3 Activation techniques in green chemistry 
While many reactions are known to occur spontaneously and at reasonable 
reaction rates, others require activation. Direct thermal activation has popularly 
been used as a means of inducing reactions. However, the use of heat is 
unattractive from the green chemistry perspective (Section 1.2.3). Catalysis, 
microwaves and ultrasound have emerged as popular and highly efficient 
means of activation within the green chemistry context. Their scope of 
application is wide and will not be reviewed in detail here; the following are brief 
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highlights of these activation modes, with representative references given. 
1.2.6.3.1 Catalysis 
One of the principles of green chemistry is catalytic reagents (as selective as 
possible) are superior to the stoichiometric reagents.13 Catalysis promotes most 
of the green chemistry goals in terms of atom efficiency, lower energy use, 
increased selectivity, higher yields, decreased use of separating and processing 
agents, and the activation of inert material, thereby reducing reliance on toxic 
materals.98,99 It is for this central role it plays that catalysis is referred to as a 
foundational pillar of green chemistry. It therefore follows that advancing green 
chemistry requires, amongst others, improving catalysis. 
Within the ambit of green chemistry, catalyst research has successfully aimed 
to optimise: 
• stability through ligand design.100 
• ease of separation from products through heterogenisation of 
homogeneous catalysts, the use of clays and zeolites.100 
• solubility through ligand design and the use of alternative media.101 
• turnover numbers through ligand design, catalyst recycling, 
biocatalysis.85b,100 
1.2.6.3.2 Microwave irradiation 
Microwaves are electromagnetic waves in the frequency range of 0.3-300 GHz. 
An alternating electric field, which is generated by an electric current, causes 
alternating dipolar polarisation in polar molecules, which results in a rapid 
temperature increase.102 The effect of microwaves on chemical reactions 
originates from: 
• the thermal effect – rapid heating results in superheating.103 
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• non-thermal effects – the presence of an electric field leads to orientation 
effects on dipolar molecules, hence influencing collision efficiency. 
Application of microwaves to organic synthesis, solution phase and solvent-free, 
has resulted in dramatic accelerations, reduction in catalyst amounts and, in 
some cases, catalysts were rendered unnecessary.33,92(b) Microwaves have 
been found to be particularly useful in syntheses involving elimination of water 
and CO2. 
1.2.6.3.3 Ultrasonic radiation 
Ultrasonic waves are acoustic waves in the frequency range of 20–100 MHz. 
Unlike microwaves, ultrasonic waves do not induce heat. The effect of 
ultrasound on chemical reactions is attributed to acoustic cavitations. Bubbles 
(cavities) form in a liquid medium as ultrasound waves are propagated through 
it. As the cavities implode, reactant molecules trapped within the cavities are 
fractured into reactive species, which then react with surrounding species.104 
1.2.7 GREEN CHEMISTRY AND ORGANOMETALLIC CHEMISTRY 
Green chemistry covers the full scope of synthetic chemistry including 
organometallic chemistry, which is the subject of this thesis. While the 
philosophy of green chemistry has developed in the past decade, 
organometallic chemistry has been an active area of research for much of the 
second half of the 20th century.105 It is thus useful to look at the relationship 
between green chemistry and organometallic chemistry in terms of both the 
utilisation of organometallic compounds in the advancement of green chemistry 
and the impact of green chemistry on organometallic chemistry. 
Catalysis will be used as an example to highlight the former, whereas the latter 
will be discussed in terms of the application of green chemistry principles and 
techniques to organometallic chemistry. More specifically, both perspectives will 
be discussed in terms of ferrocene chemistry for two reasons: ferrocene has 
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played the central role in the development of organometallic chemistry; this 
thesis describes the synthesis of ferrocene derivatives. 
Before the discovery of ferrocene in 1951, organometallic chemistry mainly 
involved organometallic compounds of non-transition metals, such as Grignard 
reagents, and this was considered within the area of organic chemistry.106 The 
discovery of ferrocene and its structure led to an active exploration of organo-
transition metal chemistry,107,108 resulting in the development fundamental 
concepts of organometallic chemistry109 and the synthesis of numerous 
ferrocene derivatives with a wide range of applications in homogeneous 
catalysis, organic synthesis and materials science.110 
1.2.7.1 Ferrocene derivatives in catalysis 
Catalysis is readily recognisable as a foundational pillar of green chemistry 
(Section 1.2.6.3.1). Development in catalysis entails, amongst others, novel 
catalytic reactions and new catalysts.80a A large number of papers have 
reported on the use of ferrocene derivatives as useful ligands in the catalysis of 
a wide variety of reactions. Asymmetric hydrogenation, for example, highlights 
the usefulness of these ligands and their tunabilty towards targeted 
transformations. Apart from their ability to combine the planar chirality of the 
constituent ferrocene moiety with the chirality of other centres in the ligand 
backbone, ferrocenyl phosphine ligands are: 
• stable and easily handled. 
• versatile and hence the same basic structure, but varied electronic and 
steric properties are possible via chemical modification. 
• able to form complexes with transition metals in a variety of oxidation 
states and coordination geometries.111 
The most widely studied ferrocenyl ligands are classified (with sub-
classifications) according to the substitution on the ferrocene moiety and on 
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ds. 
phosphorus (See Figure 1.8): 
• 1,2-substituted ferrocenyl diphosphines: for example the Josiphos,112 
and the Taniaphos113 families of ligan
• 1,1'-disubstituted ferrocenyl diphosphines: for example the Ferrotane114 
family 
• 1,1',2,2'-substituted ferrocenyl phosphines: the Ferriphos115 family. 
The ferrocenyl diphosphine ligands can be tailored for many different 
processes. Most recently, Josiphos-type ligands, depending on the substitution 
on the phosphorus atom and the metal catalyst used, have been found to be 
suitable for application in hydrogenations,116 allylic alkylations and 
aminations,117 hydroborations,118 and Heck coupling reactions.119 
 
Fe PPh2
PCy2
Fe
Fe
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RR Fe
PPh2
R
Ph2P
Ph2P
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R
Josiphos Taniaphos
Ferrotane Ferriphos  
Figure 1.8  Representative families of chiral ferrocenyl diphosphine ligands 
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Lotz et al. have reported on an efficient use of a ferriphos ligand for the Rh-
catalysed asymmetric hydrogenation.115a The asymmetric hydrogenation of 
methyl-2-acetoxyacrylate in acetone (Equation 1.4) gave methyl-2-acetoxy ester 
in 95 % and 94.9 % ee. 
OAc
CO2Me
H2 (1 bar)
Rh(COD)2BF4 (1 mol %), L (1 mol %)
acetone, RT, 12 h
Me
OAc
CO2Me
95 %, 64.9 % ee
+
 
Equation 1.4  Asymmetric hydrogenation of methyl-2-acetoxyacrylate 
1.2.7.2 Ferrocene derivatives in separations 
Ferrocene compounds have also contributed to green chemistry in the area of 
separation technology. Separation of the desired products from tributyltin 
hydride by-products in free-radical reactions is notoriously difficult. Imrie120 
exploited the redox-switchability of ferrocene systems121 and showed that this 
difficulty could be overcome by incorporating a ferrocenyl tag into the tin 
hydride.  
Fe Fe
organic-soluble ferrocene water-soluble ferrocenium cation  
In that work, dibutylferrocenyltin hydride was used to reduce haloalkanes to 
corresponding alkanes in high yield (< 70 %). The tin products were removed by 
first washing the reaction mixtures with dilute nitric acid to produce blue 
solutions containing ferrocenium ions. Thereafter, extraction of the aqueous 
solutions with diethyl ether provided complete separation of the organic 
products. This concept has been further developed as a means of recycling 
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ent. 
catalysts in ring-closing metathesis reactions122 and Mitsunobu reactions.123 
1.2.7.3 Application of green chemistry in ferrocene chemistry 
The literature is replete with examples of green chemistry applications in 
organometallic chemistry. The use of ionic liquids and solvent-free processes 
will be used as illustrative examples of the positive impact green chemistry 
could have on reaction rates, yields and selectivity in organometallic chemistry. 
Ionic liquids are good solvents for organometallic compounds (Section 
1.2.6.1.3). In most cases ionic liquids are used as a catalytically inert or 
“neutral” solvating medium. However, chloroaluminate ionic liquids are often 
found to be catalytically active. The Friedel-Crafts acylations are a case in point. 
Friedel-Crafts reactions are electrophilic aromatic substitutions in which the 
aromatic ring attacks a carbocation or a resonance stabilised acyl cation.124 The 
reactive electrophile is generated from acyl halides or anhydrides in 
acylations.125 The reactions are normally catalysed by AlCl3 dissolved in an 
inert solv
Stark et al.78c have investigated the acylation of ferrocene in acidic [emim]I-
(AlCl3)x solutions (Equation 1.5). 
O
Cl+
[emim][I-(AlCl3)x]
º C, 2 h
O O
+
O
a b
Fe Fe Fe
 
Equation 1.5   Friedel-Crafts acylations of ferrocene in [emim]I-(AlCl3)x 
ionic liquids  
The ionic liquids used in this study were prepared by adding varying amounts of 
AlCl3 to [emim]I and, depending on the molar ratio x of AlCl3, these ionic liquids 
have been shown to have variable Lewis acidity (See 1.2.6.1.3 d). The results 
are presented in Table 1.2. 
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Table 1.2 The effect of Lewis acidity on Friedel-Crafts acetylations of ferrocene in 
[emim]I-(AlCl3)x 
Entry [emim]I:AlCl3 
(x) 
Yields of a (%) Yields of b (%) b:a* 
1.  1 0 0 0 
2.  1.2 89 0 0 
3.  1.4 38 38 1 
4.  2.0 16 40 2.5 
5.  3.0 9 19 2.1 
*Balance of material recovered during purification consisted of unreacted ferrocene. 
Whereas methods reported in the literature for the acetylation of ferrocene in 
molecular solvents usually afford mixtures of mono- and di-acetylated 
products,107 only the mono-acetylated product was isolated when [emim]I-
(AlCl3)1.2 was used (Table 1.2, Entry 2). 
No Friedel-Crafts acylation was observed when a neutral ionic liquid solvent 
was used (Table 1.2, Entry 1). This suggests that the nature of the ionic liquid 
plays a role in catalysis. Raising the mole ratio x of AlCl3 (Table 1.2, Entries 3 - 
4) resulted in increased diacetylation, suggesting that as the amount of Lewis 
acid present becomes available in excess, the in situ electrophile becomes 
more prevalent and reactive enough to acetylate the monoacetylated ferrocene 
and afford compound b. This was also accompanied by poorer conversion 
rates.  In addition, this study also revealed that both the nature and relative 
proportion of the acetylating agent relative to ferrocene play a role in the 
outcome of the reaction. For example, alkanoyl chlorides afforded 
predominantly diacylated products, whereas benzoyl chloride afforded the 
monoacylated product when a tenfold excess of the respective acylating agent 
was used in [emim]I-(AlCl3)2. The authors attributed this difference in reactivity 
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to the relative stability of the benzoylium ion relative to the alkanoylium ion. 
Whereas the Friedel-Crafts acylation of ferrocene with acyl chlorides proceeded 
smoothly, the use of acid anhydrides in these media have thus far met with 
limited success, and cyclic anhydrides afforded no Friedel-Crafts acylation 
products. 
Whereas the chloroaluminate ionic liquid system could not be recycled, it has 
been demonstrated that recyclable triflate-catalysed Friedel-Crafts acylations 
are possible in a catalytically inert hexafluorophosphate or tetrafluoroborate 
ionic liquids.126 The Friedel-Crafts acylation of ferrocene with a range of acyl 
chlorides in n-butylpyridinium tetrafluoroborate [bPy][BF4] was studied by Li et 
al.127 Using ytterbium triflate [Yb(Otf)2] as catalyst, the reaction gave high yields 
(72 – 97 %) of monoacylferrocenes within 6 h. Aliphatic acylferrocenes were 
obtained at room temperature, whereas aromatic acylferrocenes required a 
temperature of 50 ºC to form. Although the authors also wished to synthesise 
diacylated ferrocenes by this method, the reaction proved highly selective, as 
only monoacylferrocenes were obtained. The catalytic solution was reused five 
times without loss of activity. 
Ferrocene chemistry has also benefited from solvent-free procedures. As has 
been observed in organic chemistry, most of the reported organometallic 
solvent-free reactions tend to be of the condensation type.128 Yang and co-
workers have reported on the Michael addition of amines in the synthesis of β-
amino carbonyl compounds under solvent-free conditions (Equation 1.6).128e  
O
N
H
O N
NO2
+
solvent-free
RT, 30 min, sonicationPH2
98 %
Fe Fe
 
Equation 1.6  Solvent-free Michael reaction of (4-nitrophelyl)-1-ferrocenyl-prop-2-
en-1-one. 
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β-amino carbonyl compounds are synthesised by either the Mannich reaction of 
imines and enolates,129 or by the conjugate addition between amines and α,β-
unsaturated compounds. The reaction has traditionally been successful with 
simple primary amines with special activation and appropriate catalysts.130 The 
protocol developed by Yang and co-workers, under ultrasonic radiation, gave a 
98% yield in 30 min (Equation 1.6). This compares favourably with the 58 % 
yield obtained without sonication. Moreover, the reaction proceeded without 
addition of a catalyst. Further green advantages were experimental simplicity, a 
fast reaction rate and a cheap process. Shen et al.131 have demonstrated high-
yielding solvent-free Michael reactions, without ultrasonic radiation, using 
dibenzyl ketones as Michael donors. In their work, ferrocenyl-subtituted 1,5-
diketones were obtained in high yield (> 77 %). However, the reaction time (1h) 
was rather long when compared to Yang’s results under ultrasonic radiation. 
Microwaves have also been used to activate under solvent-free conditions132 
and in solution chemistry.133 Villemin et al. have reported on the solvent-free 
Claisen-Schmidt reactions of acetylferrocene and ferrocenecarboxaldehyde with 
aldehydes or ketones in the synthesis of ferrocenylenones.132 The reactions 
were carried out in the presence of potassium hydroxide and Aliquat 336, a 
phase-transfer catalyst. The authors report rate enhancements under 
microwave irradiation (Equation 1.7). Further improvements on the same 
reactions have since been reported by Liu et al.,134  who found that in the 
presence of sodium hydroxide powder, instead of potassium hydroxide, the 
reaction proceeds without the need for Aliquat 336 or microwave irradiation. 
Furthermore, the reaction could be accelerated (2 min) by maintaining a 
temperature range of between 40 – 50 °C. 
CH3
O
H
O
O
+ H2O
KOH, Aliquat 336
+
RT/ microwave
83 %
Fe Fe
 
Equation 1.7  Microwave-accelerated Claisen-Schmidt reaction 
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Ferrocene compounds without α-hydrogens have also been reported in Claisen-
Schmidt reactions. Bai et al.135 have reported on the reactions of 
ferrocenecarboxaldehyde with a series of compounds with active methylenes. 
The yields were generally high (> 83 %). The room temperature reactions took 
12 min to completion, whereas under microwave radiation, similar yields were 
obtained within 6 min. However, lower yields (48 – 62 %) were observed when 
compounds with two active methylenes, such as cyclohexanone, were used. 
Ma et al. have carried out a comparative study of solvent-free versus solution 
phase procedures.136 α,β-Epoxy ketones were synthesised from α-
chloroacetylferrocene and a range of aldehydes via solvent-free Darzens 
reaction. Dichloromethane and tetrahydrofuran were also used as reaction 
media in the study. The results of a representative reaction in Equation 1.8 
indicate significant advantages of the solvent-free procedure. Higher yields 
were obtained within a dramatically reduced reaction time. Furthermore, the 
authors report high stereoselectivity (> 95:5) for the trans-epoxides, as a result 
of steric hindrance provided by the ferrocenyl group. Further advantages are 
convenient operation, cleaner reaction and low cost. 
Fe
O
Cl
+
OH-,  Al2O3
solvent-free, 5 min
Fe
O
O
Time Yield %
Solvent-free
CH2Cl2
THF
5 min 96
24 h 69
24 h 73
CHO
 
Equation 1.8  Solution vs solvent-free Darzens epoxidation reaction 
The ionic liquid and solvent-free approaches have been applied in our 
laboratory with good success in the synthesis of various ferrocene derivatives 
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(Scheme 1.6). 92b These are discussed in more detail in the following chapters. 
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Scheme 1.6  Synthesis of ferrocenyl derivatives from ferrocenoyl fluoride. 
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1.3 AIMS OF THIS STUDY 
The major goal of this study is to apply green chemistry principles to our 
existing research, in particular those reactions relevant to the synthesis of liquid 
crystal precursors. While it is recognised that it is near-impossible to apply all 12 
green chemistry principles to a procedure, this study focuses on those 
principles that aim towards: 
• the use of safer and easy-to-contain solvents, 
• the reduction in the demand for solvent use in chemical procedures, 
• the reduction in the energy expense of chemical procedures and 
• the improvement of atom economy. 
With regard to the first two aims, the focus is on the use of non-volatile, non-
flammable imidazolium ionic liquids, in addition to exploring the feasibility of 
conducting these processes in the absence of solvents. Ambient conditions will 
be adhered to as far as possible to reduce energy consumption. Non-
conventional activation will be explored; attempts will be made to improve the 
atom economy of these reactions through catalysis and by identifying and 
eliminating non-crucial reagents as far as possible. 
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2. DISCUSSION: SOLUTION PHASE SYNTHESIS OF ESTERS 
2.1 INTRODUCTION 
R OH R O
R'
O O
R'OH
H+
+ + H2O
 
Equation 2.1 The general equation for the acid-catalysed Fischer esterification of 
carboxylic acids 
Esterification is the chemical conversion of carboxylic acids into esters. The 
ester functional group is frequently encountered in a wide variety of natural and 
industrial products, such as polymers, pharmaceutical, oils and soaps,1 and is 
thus of immense industrial significance. Numerous methods exist for the 
introduction of the ester group. The most popular of these fall under the broad 
categories of: 
• direct esterification of carboxylic acids with alcohols2 in the presence of 
catalysts; 
• reactions of activated forms of carboxylic acids, such as acyl halides3 
and acid anhydrides, with alcohols;4 
• transesterifications of esters and alcohols;5 
• other conversions, such as oxidations,6 that do not involve alcohols.
 
The synthesis of the ester functional group using the DCC/DMAP methodology, 
also referred to as the Steglich esterfication, proceeds via the activation of the 
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l chloride. 
carboxylic acid by dicyclohexylcarbodiiimide (DCC) in the presence of N,N-
dimethylaminopyridine (DMAP) and is widely popular in organic synthesis.17,8 It 
allows for the introduction of the ester functional group under mild conditions 
and without the use of moisture-sensitive acid chlorides. The protocol has found 
widespread use in our group in the synthesis of liquid crystal molecules.2,9  The 
usual solvent for carrying out this type of reaction is anhydrous 
dichloromethane. With the current desire to avoid the use of volatile and 
chlorinated molecular solvents in chemistry, we decided to investigate the use 
of non-flamable, non-volatile solvents, namely 1-butyl-3-methylimidazolonium 
tetrafluoroborate [bmim][BF4] and 1-butyl-3-methylimidazolonium 
hexafluorophosphate [bmim][PF6] for DCC/DMAP-promoted esterifications. The 
results of this work have been published.10 
From the viewpoint of green chemistry, a drawback in the esterification work 
was the use of DCC, since this gives rise to considerable quantities of N,N-
dicyclohexylurea (DHU), which is undesirable in terms of atom economy. One of 
the ways to avoid the use of DCC is to use an activated form of 
ferrocenecarboxylic acid. The widely utilised activated form of carboxylic acids 
is in the form of acid chlorides and ferrocenoyl chloride has been used as a 
source of the ferrocenoyl group,11 despite the fact that it displays significant 
hydrolytic instability.12,13,14 On the other hand, Galow et al.,12 whose work on 
the high-yield synthesis of esters and amides was conducted in 
dichloromethane and THF, have reported that ferrocenoyl fluoride 1 was more 
stable than ferrocenoy
Fe
O
F Fe
O
N
N
1 2  
Figure 2.1 Suitable sources of the ferrocenoyl group 
Alternatively, Imrie et al.15 have used ferrocenoyl imidazolide 2 as a useful 
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source of the ferrocenoyl group. For our purposes, two reasonable choices are 
therefore ferrocenoyl fluoride 1 and ferrocenoyl imidazolide 2 (Figure 2.1). Both 
compounds are relatively stable solids at room temperature. The work 
described in this chapter discusses the reactions of 1 in the ionic liquid 1-butyl-
3-methylimidazolium tetrafluoroborate ([bmim][BF4]). The work under solvent-
free conditions, which has recently been published,16 is described in Chapter 3. 
In keeping with the green chemistry principle that “catalytic reagents, which 
should be as selective as possible, are superior to the stoichiometric reagents,” 
and with a view to improving atom economy in our research, the feasibility of 
catalytic esterification in our research has been investigated. The direct 
esterification of carboxylic acids, without the need to first convert these acids 
into their activated form is of primary interest. The results of these investigations 
in [bmim][BF4] and other solvents are presented herein. 
2.2 RESULTS AND DISCUSSION 
2.2.1 DCC/DMAP-PROMOTED ESTERIFICATIONS 
2.2.1.1 Esterification reactions of ferrocenecarboxylic acid10 
 
Fe + HO
C
O
OH
X
Fe
C
O
O
X
DCC/DMAP
ionic liquid, RT
 
Equation 2.2 The DCC/DMAP-promoted esterification reactions of ferrocenecarboxylic 
acid and substituted phenols (See Section 6.4.1 for experimental details) 
The DCC/DMAP-promoted esterification reactions were conducted by stirring 
ferrocenecarboxylic acid (FcCOOH), dicyclohexylcarbodiiimide (DCC), N,N-
dimethylaminopyridine (DMAP) and a range of substituted phenols in the ionic 
liquids [bmim][BF4] and [bmim][PF6] under ambient conditions of temperature and 
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pressure (Equation 2.2). No special measures were taken to protect the reactions 
from atmospheric moisture. The reactions proceeded smoothly at room 
temperature. During the course of the reactions, the colour of the reaction mixtures 
changed from yellow to a light-brown colour. At the end of the reactions, extraction 
of the organic materials from the ionic liquid solvent required only small quantities 
of diethyl ether. The ethereal extract was found to contain the target ester products 
and small quantities of unreacted ferrocenecarboxylic acid. These were initially 
separated on a short column with dichloromethane as eluent. The esters separated 
in this way did not require further purification by thin layer chromatography. 
Hexane-diethyl ether (1:5) proved equally successful for the elution and purification 
of the esters and this solvent mixture is more acceptable from a green chemistry 
perspective. The results of the reactions are presented in Table 2.1. 
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Table 2.1 Yields of esters from the reaction of ferrocenecarboxylic acid and 
substituted phenols with DCC/DMAP in ionic liquids 
Entry Ionic liquid Xa Time (h) Yield of Ester (%)b,c 
1.  [bmim][BF4] 4-OMe 24 86 (88) 
2.  [bmim][BF4] 4-OMe 3 14 
3.  [bmim][BF4] 4-OMe 6 84 
4.  [bmim][PF6] 4-OMe 24 85 (86) 
5.  [bmim][BF4] 4-Br 24 88 (91) 
6.  [bmim][BF4] 4-But 24 82 (84) 
7.  [bmim][BF4] 4-Cl 24 99 (100) 
8.  [bmim][PF6] 4-Cl 24 83 (88) 
9.  [bmim][BF4] 4-CHO 24 96 (97) 
10.  [bmim][BF4] 3-OMe 24 95 (97) 
11.  [bmim][BF4] H 24 85 (89) 
12.  [bmim][BF4] H 24 91 (98) 
13.  [bmim][BF4] 4-NO2 24 83 (87) 
14.  [bmim][PF6] 4-NO2 24 83 (88) 
15.  [bmim][BF4] 2-Cl 24 92 (96) 
16.  [bmim][PF6] 2-Cl 24 81 (83) 
17.  [bmim][PF6] 4-Me 24 89 (95) 
18.  [bmim][BF4] 4-Me 24 83 (85) 
19.  [bmim][BF4] 4-OMe 24 0d 
a X is the substituent on phenol (Equation 2.2);      bOverall yields quoted relative to the starting FcCOOH;  
c Yields in brackets are with respect to conversion;     dDCC was not added to the reaction mixture. 
From the results of the reactions of ferrocenecarboxylic acid with a range of 
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substituted phenols in the presence of DCC/DMAP and ionic liquids [bmim][BF4] 
and [bmim][PF6] as shown in Table 2.1 it is clear that the reactions were 
characterised by near-quantitative conversions of starting materials. In addition, 
isolated yields of the ester products were excellent in both solvents.  
The results presented in this table, apart from those in Entries 2 and 3, are based 
on reaction times of 24 h. The 24 h reaction period had earlier been found to be 
suitable for DCC/DMAP-promoted esterifications in dichloromethane within our 
group.17 To investigate the potential effect of the ionic liquid on reaction rate, the 
reaction of ferrocenecarboxylic acid with 4-methoxyphenol was carried out for 3 h 
and 6 h. After 3 h (Table 2.1, Entry 3) the yield of the ester was still very low and it 
proved difficult to purify. It was also difficult to extract unreacted 
ferrocenecarboxylic acid from the ionic liquid. The yield of the ester after 6 h was 
excellent, suggesting that the 24 h reaction time is unnecessarily long. 
One of the primary aims of our study was to investigate the efficiency of 
recycling the ionic liquid and this is clearly important in the context of economic 
feasibility and sustainable development. The reaction in Equation 2.3 was 
chosen as the model for further studies. 
Fe + OMe
C
O
OH Fe
C
O
ODCC/DMAP OMe
[bmim][BF4], RT, 24 h
HO
 
Equation 2.3 Ionic liquid recycling: esterification of ferrocenecarboxylic acid and 4-
methoxyphenol  
The reaction of ferrocenecarboxylic acid and 4-methoxyphenol in [bmim][BF4] in 
the presence of DCC and DMAP was repeated in the same batch of ionic liquid 
over 5 runs and the results are provided in Table 2.2 (see Section 6.4.2 for 
experimental details). The yield of the ester product is consistently high. In each 
reaction, dicyclohexylurea (DHU) was formed as a by-product. This remained in 
the ionic liquid after ether extraction and did not interfere with subsequent 
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reactions. 
Table 2.2 Results of recycling reactions: The reaction of ferrocenecarboxylic acid 
with 4-methoxyphenol (Equation 2.3) 
Reaction Run 1.  2.  3.  4.  5.  
Yield of ester (%) 86 85 85 86 84 
 
It is also interesting to note that the fifth run of the recycling experiments was 
unintentionally carried out without first degassing the ionic liquid. The result 
from this run suggests that the reaction is not air sensitive and it may therefore 
not be necessary to degas the ionic liquid prior to use. In addition, this reaction 
has also been performed in different batches of [bmim][BF4], giving consistent 
results on each occasion. This is an indication that, unlike the transition metal 
catalysed reactions discussed later on, this reaction is not affected by the 
presence of variable amounts of dissolved residual chloride ions in [bmim][BF4]. 
2.2.1.2 Esterification reactions of benzoic acids 
O
OH
HO
X Y
O
OX
Y+
DCC/DMAP
[bmim][BF4], RT, 24 h
X = MeO, Cl, Me, But, F, H, NO2, Cl, CF3
Y = MeO, Me, But, F, H, NO2, Cl  
Equation 2.4 The DCC/DMAP-promoted esterification reactions of substituted benzoic 
acids and substituted phenols 
In an expansion of the work discussed in 2.2.1.1, it was decided to investigate 
the generality of this esterification protocol in ionic liquids (see Section 6.4.4 for 
experimental details). In particular, we investigated the DCC/DMAP-promoted 
esterification of variously substituted benzoic acid with a range of substituted 
phenols in [bmim][BF4] and [bmim][PF6]. The results are presented in Table 2.3 
([bmim][BF4]) and Table 2.4 ([bmim][PF6]). 
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Table 2.3 Yields of esters from the reaction of substituted benzoic acids and 
substituted phenols in [bmim][BF4] 
Entry Xa Ya Ionic liquid Yield of ester (%)b,c 
1.  H 4-MeO [bmim][BF4] 79 (87) 
2.  H 3-MeO [bmim][BF4] 55 (63) 
3.  H 4-Me [bmim][BF4] 67 (79) 
4.  H H [bmim][BF4] 92 (99) 
5.  H 4-NO2 [bmim][BF4] 76 (77) 
6.  2-Me 4-MeO [bmim][BF4] 85 
7.  4-But 4-MeO [bmim][BF4] 83 
8.  4-NO2 4-MeO [bmim][BF4] 83 
9.  4-Cl 4-MeO [bmim][BF4] 81 
10.  2-Cl, 4-NO2 4-OMe [bmim][BF4] 74 
11.  4-F 4-MeO [bmim][BF4] 82 
12.  4-CF3 4-MeO [bmim][BF4] 74 
13.  4-MeO 4-MeO [bmim][BF4] 88 
14.  4-MeO 4-Me [bmim][BF4] 85 
15.  4-MeO H [bmim][BF4] 82 
16.  4-MeO 4-Cl [bmim][BF4] 88 
17.  4-MeO 2-Cl [bmim][BF4] 84 
18.  4-MeO 4-NO2 [bmim][BF4] 74 
19.  4-MeO 4-But [bmim][BF4] 71 
a X and Y are substituents on, respectively, benzoic acid and phenol (Equation 2.4); 
b Isolated yields; 
b Yields in brackets are with respect to conversion. 
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Table 2.4 Yields of esters from the reaction of substituted benzoic acids and 
substituted phenols in [bmim][PF6] 
Entry X Y Ionic liquid Yield of ester (%)a 
1.  H 4-MeO [bmim][PF6] 52 
2.  H 3-MeO [bmim][PF6] 49 
3.  H 4-Me [bmim][PF6] 51 
4.  H H [bmim][PF6] 99 
5.  H 4-NO2 [bmim][PF6] 73 
a X and Y are substituents on, respectively, benzoic acid and phenol (Equation 2.4). 
b Isolated yields. 
 
The esterification reactions of the respective unsubstituted and variously 
substituted benzoic acids with a range of substituted phenols proceeded 
efficiently in both [bmim][BF4] and [bmim][PF6], although it was observed during 
the course of the work that the solids took longer to dissolve in [bmim][PF6] than 
in [bmim][BF4]. 
The yields of isolated products of the esterification of unsubstituted benzoic acid 
with substituted phenols in [bmim][BF4] were high for both electron-donating 
and electron-withdrawing substituents on the phenol (Table 2.3, Entries 1, 3 - 
5). The yield was, however, moderate in one instance where the substitution 
was in the meta position of the phenol (Table 2.3, Entry 2).  
Ionic solvent effects are evident when results of the reactions conducted in 
[bmim][PF6] are compared to those conducted in [bmim][BF4]. With the 
exception of where both the benzoic acid and the phenol were unsubstituted 
(Table 2.3, Entry 4 and Table 2.4, Entry 4), isolated product yields are lower in 
[bmim][PF6] than [bmim][BF4]. This is presumably due to the higher viscosity of 
[bmim][PF6]. However, when a para-substituted electron-deficient phenol was 
used, the yield obtained was considerably higher than for electron-rich phenols 
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(Table 2.4, Entries 1 – 3, 5). 
The esterification reactions of substituted benzoic acid with substituted phenols 
in [bmim][BF4] did not give any clear trend in terms of the yields of isolated 
products (Table 2.3, Entires 6 -18). The reactions gave high yields for both 
electron-donating and electron-withdrawing substituents on both the benzoic 
acid or the phenol rings. Furthermore, in contrast to the observation made for 
unsubstituted benzoic acid, it was not obvious from the results that the position 
of the substitution on either the benzoic acid or the phenol ring affected the 
product yields. 
The efficiency of recycling the ionic liquid in these reactions was also studied, 
using the esterification reaction of 4-methoxybenzoic acid and 4-methoxy-
phenol (Equation 2.5), and scaling up the reaction ten-fold (see Section 6.4.5 
for experimental details). It was also decided to measure the percentage loss of 
ionic liquid per run. 
HO+
O
OMeO OMe
MeO
OMe
DCC/DMAP
[bmim][BF4], RT, 24 h
CO2H
 
Equation 2.5 Ionic liquid recycling: esterification of 4-methoxybenzoic acid and 4-
methoxyphenol 
The reaction of 4-methoxybenzoic acid and 4-methoxyphenol in [bmim][BF4] in 
the presence of DCC and DMAP was repeated in the same batch of ionic liquid 
for a total of 6 runs and the results are provided in Table 2.5. The yield of the 
ester product for all the runs is consistently high. In each reaction, 
dicyclohexylurea (DHU) formed as a by-product. This remained in the ionic 
liquid after ether extraction and the large quantity that accumulated after the 
third run rendered the reaction mixture difficult to stir and it became necessary 
to remove it. This was done by firstly dissolving the ionic liquid in acetone and 
filtering it through a sintered funnel. The filtrate was concentrated under 
reduced pressure and re-used in a further three esterification runs without 
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filtering off the dicyclohexylurea again. The three esterification runs conducted 
after filtering gave product yields consistent with those obtained prior to filtering. 
At the end of the six recycling runs, 92 % of [bmim][BF4] was recovered. This 
represents a loss of 3 % per run. Since the vapour pressure of the ionic liquid at 
room temperature is zero,18 the loss can not be due to evaporation and is 
attributed to handling during extraction and filtering the viscous ionic liquid. 
Table 2.5 Results of recycling reactions: The reaction of 4-methoxybenzoic acid 
with 4-methoxyphenol (Equation 2.5) 
Reaction Run 1.  2.  3.  4.  5.  6.  
Yield of ester (%) 85 89 86 86 87 86 
 
2.2.2 DMAP-PROMOTED ESTERIFICATIONS12,16 
From an atom economy point of view, the DCC/DMAP-promoted esterification is 
inherently not “green” (Section 2). We were therefore interested in the possibility 
of avoiding the use of DCC in these reactions. No reaction was observed 
between ferrocenecarboxylic acid and 4-methoxyphenol in the absence of DCC 
(Table 2.1, Entry 19, Page 66). Ferrocenoyl fluoride was therefore chosen for use 
as the acylating agent. 
Ferrocenoyl fluoride was synthesized by the reaction of ferrocenecarboxylic 
acid and cyanuric fluoride as described by Galow et al.12 The compound was 
stored in a desiccator in the dark. Whilst the compound did not appear to be 
prone to any significant hydrolysis, it was susceptible to some kind of slow 
decomposition, especially when left exposed to the atmosphere under ambient 
conditions. This type of behaviour is common to many ferrocenyl-containing 
molecules, especially those in which strong electron-withdrawing groups are 
situated adjacent to the ferrocenyl group.19 
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Fe
+
Fe
HOC
O
F
C
O
O
X X
DMAP
[bmim][BF4], RT, 16 h
 
Equation 2.6 The reaction of ferrocenoyl fluoride and substituted phenols in 
[bmim][BF4] 
The reactions of ferrocenoyl fluoride with substituted phenols and N,N-
dimethylaminopyridine (DMAP) in [bmim][BF4] (Equation 2.6) proceeded 
efficiently and provided excellent yields of ferrocenyl esters (see Section 6.5.1 
for experimental details). The isolated yields of the ester products were generally 
higher than those observed when using ferrocenecarboxylic acid. The ester 
products were easily extracted from [bmim][BF4] using small quantities of diethyl 
ether. 
Table 2.6 Yields of esters from the reaction of ferrocenoyl fluoride and substituted 
phenols in [bmim][BF4] (Equation 2.6) 
Entry Substituent 
Xa 
Time (h) Yield (%)b 
1.  4-OMe 16 99 
2.  4-OMe 2 82 
3.  4-OMe 4 82 
4.  4-OMe 6 92 
5.  4-OMe 8 97 
6.  4-Me 16 98 
7.  4-H 16 94 
8.  4-Cl 16 99 
9.  4-NO2 16 100 
10.  4-Br 16 60 
11.  4-ClO 16 80 
a X is the substituent on phenol (Equation 2.6);          b Isolated yields. 
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The conversions in all cases (Table 2.6) were very high, which meant that the 
ionic liquid could be recovered at the end of each reaction in a reasonably clean 
state. In addition, it was found that the reaction is essentially complete in 8 h 
(Table 2.6, Entries1 – 5). 
For one of the esterification reactions, namely the reaction of ferrocenoyl 
fluoride and 4-methoxyphenol in [bmim][BF4], the solvent was recovered at the 
end of the first reaction and was then reused for the same reaction a further four 
times (see Section 6.5.2 for experimental details). At the end of each reaction, 
the product was extracted with diethyl ether and the ionic liquid containing some 
unreacted DMAP was used directly in the following reaction after removing 
residual diethyl ether under reduced pressure. The results for the recycling 
reactions are shown in Table 2.7; the yields of the esters remain consistently 
high over the five runs. 
Fe
+
Fe
HOC
O
F
C
O
O
DMAP
[bmim][BF4], RT, 16 h
OMe OMe
 
Equation 2.7  Ionic liquid recycling: esterification of ferrocenoyl fluoride and 4-
methoxyphenol 
 
Table 2.7 Results of recycling reactions: The reaction of ferrocenoyl fluoride with 4-
methoxyphenol 
Reaction Run 1.  2.  3.  4.  5.  
Yield of ester (%) 86 95 94 97 95 
 
At the end of the series of experiments, the ionic liquid was analysed by 1NMR 
spectroscopy to investigate its integrity. We considered that this is most 
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important since a publication by Aggarwal et al.20 has shown that ionic liquids 
are not always benign. The NMR spectra at the end of the reactions were 
similar to the starting material. 
2.2.3 MISCELLANEOUS REACTIONS OF FERROCENOYL FLUORIDE 
In an extension of the work described in Section 2.2.3, ferrocenoyl fluoride was 
reacted with other nucleophilic reagents in [bmim][BF4] in order to asses the 
usefulness of [bmim][BF4] as reaction medium for the preparation of a wider 
range of useful ferrocenoyl derivatives (see Section 5.6.4.1 for experimental 
details). 
Our research group has an active interest in the reactivity and properties of free 
radicals. Future objectives include studying radical reactions in [bmim][BF4] and 
other ionic liquids. Of particular interest to us are the acylation reactions of N-
hydroxy derivatives such as N-hydroxypyridine-2-thione 3, 3-hydroxy-4-methyl-
2(3H)-thiazolethione 12 (Section 3.2.3, Chapter 3) and benzophenone oxime 5. 
Barton and co-workers have utilized acyl derivatives of 3 and 12 as a source of 
free radicals on mild photolysis.21 
Fe
C
O
F N
S
Fe
C
O
O N
S
HO+
[bmim][BF4], RT, 16 h
DMAP
3 4 45 % isolated yield  
Equation 2.8 Reaction of ferrocenoyl fluoride with N-hydroxypyridine-2-thione 
As it was expected that the products would be light sensitive, the reactions were 
conducted in the dark and all work-up procedures were carried out in a dark 
environment. Despite this precaution, large-scale decomposition was observed 
during the work-up stage, as evidenced by the development and intensification 
of a deep blue colour during column chromatography. This colouration is usually 
observed when a ferrocenyl moiety decomposes via oxidation of ferrocene to 
ferrocenium. This is enhanced by the presence of an electron-withdrawing 
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group adjacent to ferrocene.19 As a result of decomposition, the mixed 
anhydride, compound 4, was isolated in moderate yield (Equation 2.8) as an 
orange solid. The compound was spectroscopically identical to that prepared by 
us previously by an independent route. 
N
HO
Fe
C
O
F +
[bmim][BF4], RT, 16 h
DMAP
Fe
C
O
NO
5 6 94 % isolated yield  
Equation 2.9 Reaction of ferrocenoyl fluoride with benzophenone oxime 
The reaction of ferrocenoyl fluoride with the oxime 5 proceeded efficiently, 
giving a near-quantitative yield (Equation 2.9) of a yellow solid. The compound 
was spectroscopically identical to that prepared by us previously by an 
independent route. This compound is a potential source of ferrocenoyloxyl free 
radicals (FcCOO·), since acyloxyl radicals have previously been generated from 
the photolysis of arylcarbonyloximes.22 
 
2.2.4 ACID-CATALYSED ESTERFICATION REACTIONS 
A number of potential catalysts were investigated, with the aim of eliminating 
the use of activating/dehydrating agents, such as DCC, or the activated 
ferrocenoyl halides in esterification reactions. Otera23 has listed four 
requirements that the ultimate goal of esterification should meet: 
• a 1:1 ratio of reactant carboxylic acid and alcohol; 
• a neutral catalyst; 
• absence of the need for dehydration; 
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• a 100 % conversion rate and yield. 
Wakasugi et al.24 reported on the efficient esterification and transesterification 
of esters with near-equimolar amounts of alcohols using low molar percentage 
diphenylammonium triflate (DPAT). The same catalyst has also beem used 
successfully in the polycondensation of succinic acid and 1,6-hexanediol.25 The 
use of DPAT in both publications satisfies key requirements23 for catalytic 
esterification listed by Otera23 and this served as a starting point in this 
investigation. 
2.2.4.1 Diphenylammonium triflate 
DPAT was synthesised by the reaction of diphenylamine and 
trifluoromethanesulphonic acid as described by Wakasugi et al.24 and was 
obtained in high yield. In order to asses the reactivity of the catalyst, the 
reaction of benzoic acid and 1-octanol was conducted under conditions identical 
to those reported by Wakasugi. At the end of the reaction, the crude reaction 
mixture was analysed by NMR spectroscopy, which detected only a small 
amount of ester relative to starting materials. The crude reaction mixture was 
then concentrated under reduced pressure on a rotary evaporator with a view to 
isolating and quantifying the product. However, the NMR spectrum of the 
concentrate revealed the presence of a large amount of 1-octylbenzoate and 
only a small amount of 1-octanol. This result was initially surprising, but it soon 
became clear that the bulk of the esterification reaction was taking place during 
the concentration of the mixture on the rotary evaporator. This realisation 
suggested that this reaction could be feasible under solvent-free conditions and 
thus prompted a solvent-free esterification attempt using the same catalyst. The 
result of the solvent-free investigation is reported in Chapter 3. In addition, it is 
also likely that during concentration, the removal of water shifted the equilibrium 
in favour of the product side (Equation 2.1). 
Having established the potency of the freshly prepared DPAT, the esterification 
procedure was attempted using ferrocenecarboxylic acid, in a series of reaction 
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conditions under various experimental conditions (Table 2.8). 
Ferrocenecarboxylic acid and phenols (as opposed to aliphatic alcohols) are of 
interest to us in the synthesis of ferrocene-containing liquid crystals. 
+
R C
O
OH
R C
O
O R'5 - 15 % DPAT
solvent, RT or 110 oC, 48 h
R = Ph or Fc
HO R'
R' = 4-MeOPh-, FcCH2-, n-octyl  
Scheme 2.1  DPAT-catalysed reactions of ferrocenecarboxylic acid and benzoic acid 
with alcohols and 4-methoxyphenol (see Section 6.6.1.1 for experimental 
details) 
 
Table 2.8 Attempted esterification reactions with DPAT (Scheme 2.1) 
Entry Acid Alcohol/phenol
 
% 
DPAT 
Solvent Temp 
(°C) 
Time 
(h) 
Yield
(%) 
1. PhCOOH 1-octanol 5 CH2Cl2 80 48 91 
2. FcCOOH 1-pentanol 10 toluene RT 24 0 
3. FcCOOH 1-octanol 5 toluene 80 48 0 
4. FcCOOH 4-MeOPhOH 10 toluene 80 48 0 
5. FcCOOH FcCH2OH 15 toluene 80 48 0 
6. FcCOOH none 100 toluene 80 48 N/A 
7. FcCOOH 4-MeOPhOH 10 [bmim][BF4] RT 48 0 
8. FcCOOH 4-MeOPhOH 10 [bmim][BF4] 80 48 0 
9. FcCOOH 4-MeOPhOH 100 [bmim][BF4] 80 48 0 
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One of the principles of green chemistry aims at reducing energy expenditure in 
chemical reactions. The first esterification attempt with ferrocenecarboxylic acid 
was therefore conducted at room temperature. Further experiments were 
conducted at 80 °C in either toluene (according to the original conditions 
reported by Wakasugi et al.24) or [bmim][BF4] using a variety of alcohols at 
increasing catalyst concentrations. All the reactions involving 
ferrocenecarboxylic acid failed to provide ester products (Table 2.8). 
At the time this section of the work was concluded, Funatomi et al.26 reported 
that pentafluorophenylammonium triflate (PFPAT) was superior to DPAT in 
esterification reactions. The authors attribute this superiority to the lower 
basicity of the pentafluorophenylamine (pKb 14.2) compared to diphenylamine 
(pKb 13.2). This catalyst has potential for further investigation in our research. 
2.2.4.2 Hafnium chloride 
Lewis acids are preferable to mineral acids as esterification catalysts since, 
unlike the mineral acids, they do not promote dehydration of alcohols. Acid-
sensitive groups may also be used in the presence of Lewis acids.5c Ishihara et 
al.27 screened various metal salts for catalytic activity in direct esterifications. 
Hafnium chloride (HfCl4) was found to be the most efficient for direct 
esterification. Our results, using the more hydrolytically stable HfCl4.2THF, are 
presented in Scheme 2.2. 
+
R
OMe
C
O
OH
R C
O
O2 % HfCl4
.2THF OMe
toluene, 110 oC, 24 h
HO
R                               % Yield
Ph                                         88
Fc                                           0  
Scheme 2.2 Results of HfCl4-catalysed experiments (see Section 5.7.2 for experimental 
details) 
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The experiments were conducted under reflux conditions as reported by 
Ishihara et al., with removal of water achieved by means of 4 Å molecular 
sieves. Our result of the esterification reaction of benzoic acid and 4-
methoxyphenol compares well with that of the esterification of benzoic acid and 
both phenols (3,5-dimethylphenol) and aliphatic alcohols, respectively. 
However, when the substrate was changed to ferrocenecarboxylic acid, without 
changing any other reaction conditions, the reaction failed (Scheme 2.2). 
2.2.4.3 Scandium triflate 
Removal of water by molecular sieves was necessary for the hafnium-catalysed 
esterification reaction described in Section 2.2.4.2. We investigated the use of 
esterification catalysts that do not require removal of water for efficiency. 
Scandium triflate, Sc(OTf)3, has been reported as an efficient catalyst in the 
esterification of acid anhydrides.28 Subsequent to that, Barrett and Braddock29 
reported on the efficiency of the lanthanide triflates Sc(OTf)3 and La(OTf)3 in the 
direct esterification of acetic acid with a range of alcohols without water 
removal. Lee et al. 30 have reported on the usability and recyclability of Sc(OTf)3 
and other  Lewsis acids in the acetylation of alcohols with anhydrides and acetic 
acid in ionic liquids. Chandrasekhar et al.31 reported the successful use of 
Sc(OTf)3 in the esterification of aryl carboxylic acids. Since aromatic (ferrocenyl 
and aryl) carboxylic substrates form structurally significant back-bone 
components of liquid crystals, Chandrasekhar and co-workers’ publication 
prompted us to investigate the use of Sc(OTf)3 in our esterification reaction 
study (see Section 6.6.3.1 for experimental details). The results of our 
investigations are presented in Table 2.9. 
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OH
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O
O5 % Sc(OTf)3 OMe
solvent, RT or 110 oC, 24 h
HO
R = Ph or Fc  
Scheme 2.3  Scandiun triflate-catalysed reactions of ferrocenecarboxylic acid and 
benzoic acid 
 
 
Table 2.9 Results of attempted esterification reactions with Sc(OTf)3 (Scheme 2.3) 
Entry Acid Alcohol/phenol
 
% Sc(OTf)3 Temp
(°C) 
Time 
(h) 
Yield 
(%) 
1. PhCOOH 1-octanol 5 110 18 67 
2. FcCOOH 1-octanol 5 110 24 0 
3. PhCOOH 4-MeOPhOH 5 110 18 0 
4. FcCOOH 4-MeOPhOH 5 RT 24 0 
5. FcCOOH 4-MeOPhOH 5 110 24 0 
 
We first investigated the esterification reaction of benzoic acid with 1-octanol 
under reflux as described by Chandrasekhar et al.31 The reaction proceeded 
efficiently and gave 67 % of isolated ester. This compared well with 70 – 80 % 
yields obtained by Chandrasekhar et al. in the esterification of benzoic acid with 
polyethylene glycols of various molecular weights. However, the esterification of 
ferrocenecarboxylic acid with 1-octanol, which was attempted at similar reflux 
temperature conditions, was unsuccessful (Table 2.9, Entry 2) and only 
unreacted starting materials were recovered. Since Sc(OTf)3 has successfully 
catalysed the reaction of benzoic acid and 1-octanol (Table 2.9, Entry 1), this 
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result suggests ferrocenecarboxylic acid is not amenable to catalysis by 
Sc(OTf)3 under the experimental conditions. Further experiments on both 
benzoic acid and ferrocenecarboxylic acid with 4-methoxyphenol (Table 2.9, 
Entry 3 - 5) were also unsuccessful. The results of Entries 1 & 3 are in 
agreement with documented observations that esterification reactions are less 
efficient for phenols than aliphatic alcohols.23 
2.2.4.4 Aluminium triflate 
Aluminium catalysts are not commonly employed in esterification. However, 
AlCl3 works reasonably well as a heterogeneous catalyst on a polymer 
support.32 Alumina-containing mesoporous molecular sieves have also been 
used in esterification of lauric acid with glycerol.33 Al(OTf)3 has been reported in 
successful acetylation reactions of alcohols, phenols and thiophenols.34 
However, the reactions involved acetic anhydride. In other work, Al(OTf)3 was 
successfully used in ring-opening esterification reactions of lactones and in 
esterification reactions of acetic acid and aliphatic alcohols.35 We decided to 
investigate Al(OTf)3, as a potential esterification catalyst (see Section 6.6.4.1 for 
experimental details). 
+
R
OMe
C
O
OH
R C
O
O5 % Al(OTf)3 OMe
solvent, RT or 110 oC, 24 h
HO
R = Ph or Fc  
Scheme 2.4  Aluminium triflate-catalysed reactions of ferrocenecarboxylic acid and 
benzoic acid 
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Table 2.10 Results of attempted esterification reactions with Al(OTf)3 (Scheme 2.4) 
Entry Acid Alcohol/phenol
 
% Al(OTf)3 Temp
(°C) 
Time 
(h) 
Yield 
(%) 
1. PhCOOH 1-octanol 5 110 18 85 
2. FcCOOH 1-octanol 5 110 18 0 
3. PhCOOH 4-MeOPhOH 5 110 24 0 
4. FcCOOH 4-MeOPhOH 5 RT 24 0 
5. FcCOOH 4-MeOPhOH 5 80 16 0 
       
 
The reactions were conducted using conditions similar to those described in 
Section 2.2.4.3. Since aluminium-catalysed esterification reactions have not 
been widely reported in the literature, the reaction in Entry 1 was conducted to 
establish the reactivity of Al(OTf)3 with our starting materials. The reaction gave 
a higher yield of n-octyl benzoate compared to Sc(OTf)3, which is a better-
known catalyst for esterification. However, no esterification occured when 
ferrocenecarboxylic acid was used (Entry 2). Furthermore, all attempted 
esterification reactions of either ferrocenecarboxylic acid or benzoic acid with 4-
methoxyphenol were unsuccessful. It is not at this stage clear as to why 
ferrocenecarboxylic acid was resistant to esterification. However, this might be 
linked to the reactivity of the respective ferrocenecarboxylic acid-catalyst 
adducts that might form. 
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3. DISCUSSION: SOLVENT-FREE SYNTHESIS OF ESTERS 
3.1 INTRODUCTION 
 
R OH R O
R'
O O
R'OH
H+
+ + H2O
 
Scheme 3.1 The general equation for the acid-catalysed Fischer esterification of 
carboxylic acids 
The general aspects of esterification have been introduced in the previous 
chapter (Section 2.1, Chapter 2), in which our results of esterification reactions 
in ionic liquid solution phase, as an application of green technology, are 
discussed. Although the solution phase esterification reactions in ionic liquids 
were very efficient, the long-term effects of imidazolium ionic liquids on the 
environment in terms of persistence and ultimate toxicity are still unknown. We 
therefore investigated the viability of the same reactions in the absence of 
solvents.
Solvent-free synthesis covers the full scope of organic chemistry and a wide 
array of organic reactions has been successfully conducted under solvent-free 
conditions.1 These include C-C and C-heteroatom bond formation reactions, 
and conversions, such as oxidations, reductions, eliminations and 
rearrangements. Esterification falls under the C-O (C-heteroatom) bond 
formation category. Several contributions on solvent-free reactions have been 
reported in literature. However, judging by the literature output, carbonyl 
condensation type reactions seem to be the most amenable to solvent-free 
synthesis. 
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This chapter details the results of the solvent-free investigations conducted on 
the DCC/DMAP esterification, catalytic esterification and DCC-free esterification 
reactions of ferrocenecarboxylic acid and substituted benzoic acids, 
respectively, with a range of substituted phenols. 
3.2 RESULTS AND DISCUSSION 
3.2.1 DCC/DMAP-PROMOTED ESTERIFICATIONS 
The relevance of the DCC/DMAP esterification protocol to our liquid crystal 
research has been expressed in Section 2.1, Chapter 2. The excellent results 
obtained for the DCC/ DMAP esterification in ionic liquids and the desire to 
minimise waste have prompted us to investigate the feasibility of this reaction in 
the absence of solvents. 
3.2.1.1 Esterification reactions of ferrocenecarboxylic acid 
 
Fe + HO
C
O
OH
X
Fe
C
O
O
X
DCC/DMAP
no solvent, RT
 
Scheme 3.2 The DCC/ DMAP-promoted esterification reactions of ferrocenecarboxylic 
acid and substituted phenols under solvent-free conditions (see Sections 
6.4.6 & 6.4.8 for experimental details) 
The reactions were undertaken by grinding together solid samples of 
ferrocenecarboxylic acid, the appropriate phenol, DCC and DMAP, in no 
particular order of addition, in an open mortar under ambient conditions of 
temperature and pressure (Scheme 3.2). No special measures were taken to 
protect the reactions from atmospheric moisture. Nevertheless, the reactions 
proceeded efficiently at room temperature. A few seconds after the start of the 
grinding procedure, the reaction mixture formed a paste. This solidified after a 
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period ranging from 2 – 3 min. Pure samples of the aryl ferrocenoate esters 
were obtained by filtration of the solid through silica gel using hexane/ether. The 
yields of the esters were in all cases very high (Table 3.1). Furthermore, all the 
reactions were complete within approximately four minutes. 
 
Table 3.1 Yields of esters from the DCC/DMAP-promoted solvent-free reaction of 
ferrocenecarboxylic acid and substituted phenols (Scheme 3.2) 
Entry SUBSTITUENT 
Xa 
Time 
(min) 
Yield of ester 
(%)b 
1 4-MeO 3 73 
2 4-Me 2 71 
3 4-But 2 77 
4 4-Cl 2 82 
5 4-NO2 2 83 
6 4-Br 2 87 
a X is the substituent on phenol (Scheme 3.2). 
b Isolated yields 
 
Although during the course of the reactions, the solid reactants were observed to 
form pastes, the formation of a melt paste in itself, however, does not guarantee 
chemical reaction (Section .2.6.2, Chapter 1).2 Furthermore, it is conceivable that 
esterification could have taken place in the solution phase during the workup 
procedure. In order to gauge whether the esterification took place in the 
absence of solvent, the reaction of ferrocenecarboxylic acid and 4-
methoxyphenol was chosen as a model for a more detailed investigation. 
IR spectroscopy was used to confirm that the reaction of ferrocenecarboxylic acid 
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and 4-methoxyphenol proceeds under solvent-free conditions. Ferrocenecarboxylic 
acid shows a strong absorption band at 1655 cm-1 for the carbonyl bond of the 
acid. After grinding ferrocenecarboxylic acid with 4-methoxyphenol, DCC and 
DMAP, a KBr disc of the resulting paste, prior to workup, was analysed by IR 
spectroscopy. The IR spectrum (Figure 3.1) shows, besides the prominent DCC 
absorption band at 2116 cm-1, strong absorption bands at 1724 and 1231 cm-1. 
These correlate with the C=O and C-O stretch vibrations, respectively, of the ester3 
and proves that ester formation has occurred under the solvent-free conditions of 
the procedure, prior to work-up. 
 
 
Figure 3.1 The IR spectrum of the reaction paste of ferrocenecarboxylic acid with 4-
methoxyphenol, DCC and DMAP prior to work-up. 
The minimum reaction time for ferrocenecarboxylic acid with 4-methoxyphenol, 
DCC and DMAP in [bmim][BF4] was 6 h. Having observed a significant 
reduction in reaction time for the esterification under solvent-free conditions (3 
min), we wondered whether the solvent-free reaction proceeded by the same 
mechanism as in the molecular solvents (Scheme 3.3).4 
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Scheme 3.3 The generally accepted mechanism for the DCC/N,N-dialkylamino-
pyridine-promoted esterification reaction of carboxylic acids and alcohols 
in molecular solvents4 
To probe the reaction mechanism, the solvent-free reaction of ferrocenecarboxylic 
acid and DCC alone was investigated first. This was done by grinding 
ferrocenecarboxylic acid and DCC and in an open mortar. This yielded two 
products, ferrocenecarboxylic anhydride 7 and another, a DCC derivative of 
ferrocenecarboxylic acid, whose 1H and 13C NMR spectra are consistent with that 
of N,N′-dicyclohexyl-N-ferrocenoylurea 8 (Figure 3.2). 
Fe Fe
O
O O
Fe
N
O O
N
H
7 8  
Figure 3.2 Products isolated from the solvent-free reaction of ferrocenecarboxylic 
acid and DCC 
Ferrocenecarboxylic anhydride had previously been identified as one of the 
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products of the reaction of ferrocenecarboxylic acid and DCC in solution.5,6 On the 
other hand, reports on the identity of the adduct formed between 
ferrocenecarboxylic acid and DCC have been contradictory. While the groups of 
Lau5 and Acton6 have identified it as 8, Wang and Huang7 have proposed N,N′-
dicyclohexyl-O-ferrocenoylisourea 9 for this adduct. 
Fe
O
O N
9
NH
 
 
Figure 3.3  The structure for the ferrocenecarboxylic acid-DCC adduct postulated by 
Wang and Huang7 
However, while our study was in progress, a report by Schetter and Speiser8 
appeared, presenting X-ray crystallographic evidence that ferrocenecarboxylic acid 
reacts with various N,N′-dialkylcarbodiimides in solution to produce the 
corresponding N,N′-dialkyl-N-ferrocenoylureas such as 8. The spectroscopic data 
(1H- and 13C-NMR and IR) and melting point of the compound described by 
Schetter and Speiser for 8 correspond with those we determined for the compound 
isolated in our solvent-free reaction. 
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Figure 3.4  13C NMR spectrum of the ferrocenecarboxylic acid-DCC adduct isolated 
by us 
Furthermore, the 13C chemical shifts of the benzoyl analogues of 8 and 9 (Figure 
3.5) have been theoretically calculated using DFT at the B3LYP/6-31G* level of 
approximation and compared with estimates obtained from ChemDraw (Table 
3.2). The experimental values of our isolate approximate the calculated values 
(Spartan and ChemDraw) for the carbonyl carbons C-1 and C-2 of the benzoyl 
analogue of 8 (structure i in Figure 3.5) more closely than those for the benzoyl 
analogue of 9 (structure ii in Figure 3.5). 
N
O O
N
H
O
O N
NH
i
1 12 2
ii  
Figure 3.5  Benzoyl analogues of 8 (an N-acylurea) and 9 (an O-acylisourea) 
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Table 3.2  A comparison of calculated and experimental 13C NMR chemical shifts 
Entry Compound Nucleus Spartana ChemDraw Experimental 
1.  i C-1 161.8 172.1 - 
2.  i C-2 148.8 151.2 - 
3.  ii C-1 155.9 162.7 - 
4.  ii C-2 133.9 153.4 - 
5.  Our isolate C-1 - - 172.3 
6.  Our isolate C-2 - - 155.2 
a All structures were geometry optimised using DFT at the B3LYP/6-31G* level of approximation 
 
Our attempts to react compound 8 under various conditions (Table 3.3) did not 
lead to the formation of esters. However, it is known that O-acylisoureas are rarely 
isolated, as they readily react with hydroxy compounds to give esters9,10 (Scheme 
3.4) and hence this supports our proposal that the compound we isolated is 8 and 
not 9. 
O
O HN
N
H
R'
R'
R
OH
R''
O
O
R
R'' + R' N
H
N
H
R'
O
+
-H+
N,N'-dialkylurea  
Scheme 3.4 Mechanism for the esterification of O-acylisoureas9 
Although the O-acylisourea was not isolated, N,N′-dicyclohexylurea (DCU) was 
isolated in all the reactions that provided an ester while none of the unsuccessful 
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esterification reactions attempts provided any evidence for the formation of DCU. 
The isolation of N,N′-dicyclohexylurea in these reactions thus provides strong 
evidence for the existence of 9 as an intermediate. 
The anhydride 7 has strong absorption bands at 1762 and 1706 cm-1. The results 
of further experiments on compound 8 suggest that 7 is not formed from a 
reaction of 8 with either ferrocenecarboxylic acid or the ferrocenecarboxylate ion, 
as the characteristic absorption bands of 7 are absent from the reaction pastes of 8 
with ferrocenecarboxylic acid (Table 3.3). Compound 7 may be formed in 
competition with 8. On the other hand, the reaction of 7 with 4-methoxyphenol in 
the presence of DMAP provided the ester, 4-methylphenyl ferrocenecarboxylate. 
 
Table 3.3  Attempted solvent-free reactions with N,N′-dicyclohexyl-N-ferrocenoylurea 
8 
 Reactants Reaction paste 
 8 FcCOOH 4-MeOPh4OH DMAP IR νmax (cm-1) 
1.  ?  ?    1702, 1665, 1598, 
1475, 1452, 1396  
2.  ?    ?  1702, 1646, 1599, 
1543, 1453 
3.  ?   ?  ?  1701, 1597, 1542, 
1510, 1452 
 
We then investigated whether the behaviour of ferrocenecarboxylic acid was 
different to that of 4-methoxybenzoic acid in this type of reaction; the results are 
summarized in Table 3.4. 
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Table 3.4 A comparison of the reactivity of ferrocenecarboxylic and 4-methoxybenzoic 
acid 
Reactants  Isolated products yield (%) 
Acid 4-MeOPhOH DCC DMAP Time 
(min) 
Ester  Anhydride Urea 
derivative 
FcCO2H ?  ? ? 3 88 none 5 
4-MeOPhCO2H ?  ? ? 3 98 none none 
FcCO2H ?  ? none 7 73 none 15 
FcCO2H none ? none 10 none 26 45 
4-MeOPhCO2H none ? none 10 none 48 23 
 
The solvent-free reaction of 4-methoxybenzoic acid and DCC yielded N,N′-
dicyclohexyl-N-(4-methoxy)benzoylurea 10 and 4-methoxybenzoic anhydride 11 
(Figure 3.6), similarly to that observed for ferrocenecarboxylic acid and DCC. A 
difference in the product distribution pattern was, however, observed. Whereas the 
major product was the N-acylurea derivative in the case of ferrocenecarboxylic 
acid, in the case of 4-methoxybenzoic acid it was found to be the corresponding 
anhydride.  
N
O O
N
H
MeO
10
O
O O
OMeMeO
11  
Figure 3.6  Isolated products from the reaction of 4-methoxybenzoic acid and DCC  
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The role of DMAP in the esterification reaction was also considered. The 
reaction of ferrocenecarboxylic acid, 4-methoxyphenol and DCC in the absence of 
DMAP resulted in the formation of the target ester. However, in comparison with 
the reaction in which all four reactants are present together, the reaction was 
slower. The reaction also yielded nearly half the amount of ester isolated when all 
four reactants are present, and produced more of the N-acylurea. The observation 
that more N-acylurea is isolated when the reaction is slower suggests that the 
esterification route is in competition with the N-acylurea formation. 
A proposed reaction sequence to account for the formation of the various 
products obtained in the solvent-free DCC/DMAP-promoted esterification 
involving ferrocenecarboxylic acid and phenols is shown in Scheme 3.3. The 
ferrocenecarboxylate anion is formed by interaction of ferrocenecarboxylic acid 
and DCC, resulting in the protonation of DCC. A further interaction of the newly-
formed ferrocenecarboxylate anion and protonated DCC results in the formation 
of N,N′-dicyclohexyl-O-ferrocenoylisourea 9, which is not isolated.  
Ferrocenecarboxylic anhydride 7 is formed by interaction of N,N′-dicyclohexyl-
O-ferrocenoylisourea 9 and the ferrocenecarboxylate anion and, in the 
presence of DMAP, reacts with phenols to produce esters. Simultaneously, a 
ferrocenecarboxylate anion is released and this can react with another molecule 
of DCC to produce N,N′-dicyclohexyl-O-ferrocenoylisourea 9. 
Compound 9 can rearrange to produce N,N′-dicyclohexyl-N-ferrocenoylurea 8. 
Theoretical calculations using density function theory (DFT) indicate that the 
rearrangement of 9 to 8 is exothermic. The results of these calculations are 
discussed in Section 3.2.1.2. 
In the presence of DMAP, the rearrangement of 9 to 8 becomes a minor 
pathway and 9 reacts instead with DMAP to give the N-ferrocenoyl-4-
(dimethylamino)pyridinium salt, which finally provides the esters by reaction with 
phenols. In the absence of DMAP and phenols, esterification is not possible and 
so the rearrangement product 8 (besides ferrocenecarboxylic acid anhydride) is 
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isolated as a stable product.  
In the absence of DMAP, N,N′-dicyclohexyl-O-ferrocenoylisourea 9  reacts with 
phenols to produce esters. This process is slower than when DMAP is present. 
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Scheme 3.5  Reaction sequence for the solvent-free DCC/ DMAP-promoted 
esterification of ferrocenecarboxylic acid with 4-methoxyphenol 
 
3.2.1.2 Computational Study on the Rearrangement of Compound 9′ to 
8′ 
The possible rearrangement of 9 to 8 has been modelled theoretically using 
density function theory (DFT) at the B3LYP/6-31G* level of approximation, by 
way of the simpler analogues 9′ and 8′ (Scheme 3.6). 
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Scheme 3.6  Rearrangement of compound 9’ to 8’ 
Calculations show that 9′ undergoes a smooth concerted rearrangement to 8′ 
through attack by the imine nitrogen atom on the carbonyl carbon.  No 
intermediates were apparent on the energy profile. A transition state structure 
9′(TS 1) for the process was located (Figure 3.7) and characterized.  The 
rearrangement is strongly exothermic (Table 3.5). 
 
Figure 3.7 Transition state structure 9′(TS 1) 
Reaction via the imine N-atom is probably facilitated as a result of a resonance 
contribution from the conjugated second nitrogen (Scheme 3.6). Figure 3.8 
depicts the potential density surface for 9′ and confirms the high nucleophilic 
character of the imine nitrogen atom. 
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Figure 3.8  Electrostatic potential density surface for 9′. 
 
Table 3.5 Total electronic and relative energies (B3LYP/6-31G*)a 
Entry Structure Etot/a.u. Erel/kJ/molb Erel/kJ/molc 
1.  9′ -456.4986895 0.00 
2.  9′ (TS 1) -456.4719113 70.31 
3.  8′ -456.5428714 -116.00 -68.85
4.  9′ (TS 2) -456.4550424 114.60 
5.  12′ + 13’ -456.5166494 -47.15 0.00
6.  17 -456.5001484 -3.83 43.32
7.  14 -456.5135732 -39.08 8.08
8.  15 -456.4798070 49.58 96.73
9.  16(TS) -456.4448807 141.27 188.43
a All structures were optimised and transition state structures located using the RM1 semiempirical method 
before being refined further at the DFT level indicated. 
b All energies referenced to structure 9′; 
 c All energies referenced to the mixture of12′ and 13’. 
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Interestingly, nucleophilic attack on the carbonyl carbon by the alternative N-
atom does not give 8′, but instead a mixture of N-methyl acetamide 12′ and 
methyl isocyanate 13′ (Scheme 3.7). This reaction is also exothermic, but less 
so than for the formation of 8’. 
Me O N
Me
O NHMe
9'
Me N
H
O
Me + Me N C O
12' 13'  
Scheme 3.7 Rearrangement of compound 9′ to 10′ and 11’. 
The possibility of N-methyl acetamide reacting with methyl isocyanate to form 8′ 
was also investigated (Scheme 3.8) through modelling modelling the various 
possible modes of reaction. 
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Scheme 3.8 Possible pathways for the reaction of N-methyl acetamide 12’ with methyl 
isocyanate 13′ 
Reaction 1, involving nucleophilic attack by the nitrogen atom of N-methyl 
acetamide on the carbon atom of methyl isocyanate does not produce an 
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energy minimum on the reaction profile.  However, if the proton is subsequently 
transferred from N to O, a stable intermediate 17 is obtained, although the 
overall reaction is endothermic. Clearly, 17 could convert into 8′ via keto-enol 
tautomerism. 
In reaction 2, transfer of the amide proton to the oxygen atom of the isocyanate 
results in rearrangement to the product 15. Reaction 2 is even more 
endothermic than Reaction 1. 
If proton transfer from N to O is allowed to be concerted with bonding between 
N and C (reaction 3), a smooth rearrangement to 17 occurs. 
Proton transfer from the amide to the isocyanate nitrogen (reaction 4) results in 
a weakly endothermic rearrangement to the carbamate 14. 
However, when N…C bonding is made to be concerted with N...N proton 
transfer (reaction 5), a smooth exothermic rearrangement to 8’ takes place.  A 
transition state structure 16 (TS) for the rearrangement was also located, but 
shows that conversion of compound 9′ to 8′ via N-methyl acetamide and methyl 
isocyanate as intermediates is likely to face a significantly higher activation 
barrier than the alternative direct route (Figure 3.9). 
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Figure 3.9  Energy profiles for the rearrangement of compound 9’ to 8’. 
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3.2.1.3 Esterification reactions of benzoic acids 
Following the successful solvent-free esterification of ferrocenecarboxylic acid, 
substituted benzoic acids were reacted with a range of substituted phenols under 
similar conditions (see Section 6.4.7 for experimental details). A representative 
example is the reaction between 4-methoxybenzoic acid, 4-methoxyphenol, 
DCC and DMAP depicted in Figure 3.10. A few seconds after the start of the 
grinding procedure, the reaction mixture turned into a paste (Figure 3.10b) but 
did not completely liquefy. After a further period of approximately three minutes, 
the reaction mixture hardened again (Figure 3.10c) and a pure sample of the 
ester was obtained by filtration of the solid through silica gel using 
hexane/ether.  
 
Figure 3.10 Solvent-free reaction of 4-methoxybenzoic acid, 4-methoxyphenol, DCC 
and DMAP. (a) Starting materials before grinding. (b) Paste after grinding 
for 30 s. (c) Solid at the end of the reaction (4 min). 
The results of the reactions of benzoic acids with a range of substituted phenols in 
the presence of DCC and DMAP are presented in Table 3.6. The yields of the 
esters were in all cases very high. Furthermore, all the reactions were complete 
within approximately four minutes. A manuscript for publication of this work is in 
preparation. 
O
OH
HO
X Y
O
OX
Y+
DCC/DMAP
no solvent, RT
 
Scheme 3.9  The DCC/ DMAP-promoted esterification reactions of substituted benzoic 
acids and substituted phenols under solvent-free conditions 
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Table 3.6 Yields of esters from the solvent-free reaction of benzoic acid and 
substituted phenols (Scheme 3.9) 
Entry Xa Ya Time (min) Yield (%)b 
1.  H 4-MeO 2 97 
2.  H 3-MeO 3 96 
3.  H 4-Me 2 96 
4.  H H 2 98 
5.  H 4-But 2 96 
6.  H 4-Cl 2 80 
7.  H 4-NO2 2 84 
8.  H 4-Br 2 80 
9.  4-MeO 4-MeO 2 99 
10.  4-MeO 3-MeO 2 87 
11.  4-MeO 4-Me 2 92 
12.  4-MeO H 2 93 
13.  4-MeO 4-But 2 97 
14.  4-MeO 4-Cl 2 93 
15.  4-MeO 2-Cl 2 93 
16.  4-MeO 4-NO2 1 95 
17.  4-MeO 4-Br 2 87 
a X and Y are substituents on, respectively, benzoic acid and phenol (Scheme 3.9); 
a  Isolated yields 
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3.2.2 MICROWAVE-PROMOTED ESTERIFICATIONS 
Following the successful results discussed in Section 3.2.1, the feasibility of 
solvent-free acylation of ferrocenoyl fluoride with DMAP was investigated (see 
Section 6.5.3 for experimental details). In view of ferrocenoyl fluoride being an 
activated from of ferrocenecarboxylic acid, and having provided generally higher 
yields of esters than ferrocenecarboxylic acid does in solution, it was envisaged 
that solvent-free acylation of ferrocenoyl fluoride with DMAP should proceed 
efficiently (Scheme 3.10). 
Fe
solvent-free+
Fe
HOC
O
F
C
O
O
X XMW, 1 min
1  
Scheme 3.10  The catalyst-free, microwave-promoted acylation of ferrocenoyl fluoride 
As part of an exploratory investigation, ferrocenoyl fluoride (0.0536 g) was 
reacted with 4-methoxyphenol (0.0294 g) by grinding the two compounds in an 
open mortar at ambient temperature and pressure for 3 min. No products were 
detected when the mixture was analysed by IR spectroscopy and TLC. The 
mixture was then divided into two roughly equal parts A and B. DMAP (0.0141 
g) was added to A and the mixture ground. The resulting moist paste was 
stirred for a further 1 min, whereupon it solidified. Subsequent analysis by IR 
detected the presence of ferrocenoyl fluoride and 4-methoxyphenyl 
ferrocencecarboxylate. The latter was confirmed by 1H NMR, but the amount 
was judged to be quite low relative to the starting material. 
B was subjected to microwave irradiation (500 W) in an open mortar. After 30 s 
of irradiation, the mixture melted and was cooled. Subsequent analysis by TLC 
analysis detected the presence of unconverted ferrocenoyl fluoride in the cooled 
melt. TLC analysis of the same melt after a further 1 min of microware 
irradiation detected the presence of 4-methoxyphenyl ferrocencecarboxylate, 
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and no ferrocenoyl fluoride. A series of solvent-free microwave-promoted 
esterifications using ferrocenoyl fluoride and substituted phenols were then 
carried out and the results are provided in Table 3.7. 
 
Table 3.7  Yields of ferrocenyl esters from the microwave-promoted solvent-free 
reactions of ferrocenoyl fluoride and substituted phenols (Scheme 3.10) 
Entry Substituent Xa Yield (%)b,c 
1.  4-OCH3 79 
2.  3-OCH3 85 
3.  4-CH3 78 
4.  4-But 81 
5.  4-H 76 
6.  4-Cl 74 
7.  2-Cl 58 
8.  4-NO2 65 
9.  4-Br 71 
   
a  X is the substituent on phenol (Scheme 3.10). 
b  Isolated yields based on ferrocenoyl fluoride. 
c  Esters were isolated and characterized by IR, NMR (1H, 13C) and high resolution mass spectroscopy 
 
The yields of esters are generally high. A reaction time of 1 min was found to be 
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sufficient and the reaction could be run without DMAP, highlighting the 
significant effect of the microwave radiation. However, these reactions were 
carried out using an open mortar in a normal domestic microwave oven, and not 
in a proper microwave reactor. From a green chemistry point of view, the 
generation of HF during these procedures is therefore a concern. The design of 
domestic microwave oven apparatus thwarted any attempts at trapping HF. 
3.2.3 MISCELLANEOUS REACTIONS OF FERROCENOYL FLUORIDE 
Due to our interest in the reactivity and properties of free radicals, the work 
described in Section 3.2.2 was extended to include the reaction of ferrocenoyl 
fluoride with other nucleophilic reagents, such as N-hydroxypyridine-2-thione 3 
(Chapter 2), 3-hydroxy-4-methyl-2(3H)-thiazolethione 18 and potassium O-
ethylxanthate 20 (see Section 5.6.4.2 for experimental details). A future goal 
would be to study the photolytic reactivity of the ferrocenoyl derivatives of these 
nucleophiles in [bmim][BF4] and other ionic liquids. 
Fe
C
O
S
N
S
19
Fe
C
O
F + S
N
S
HO
18
solvent-free
4 min
52 % isolated yield1  
Equation 3.1  The solvent-free reaction of ferrocenoyl fluoride and 3-hydroxy-4-methyl-
2(3H)-thiazolethione 
Due to the sensitivity of the compounds 4 and 19, microwave radiation was 
avoided in their solvent-free synthesis. Ferrocenoyl fluoride, the N-hydroxy 
derivative and DMAP were ground together under dark conditions. As was 
observed during the solution phase synthesis stage of the work in [bmim][BF4], 
decomposition of these compounds was observed during purification, hence the 
modest yields of 4 and 19. 
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Fe
C
O
F N
S
Fe
C
O
O N
S
HO+
3 4 58 % isolated yield
solvent-free
4 min
1  
Equation 3.2  The solvent-free reaction of ferrocenoyl fluoride and N-hydroxypyridine-2-
thione 
The solvent-free reaction of 1 with potassium O-ethylxanthate gave an 
unexpected product, ferrocenoic thioanhydride 21, in high yield (Equation 3.3). 
as far as we are aware, this reaction in which atomic suphur is trapped between 
two ferrocenoyl moieties by the reaction of ferrocenoyl fluoride with potassium-
O-ethylxanthate, has not been reported before and was recently published by 
us.11 
KS O
S
20
Fe Fe
S
O O
21
Fe
C
O
F +
solvent-free
3.5 min
91 % isolated yield1  
Equation 3.3 The solvent-free reaction of ferrocenoyl fluoride potassium-O-ethyl-xanthate 
The anticipated product of the reaction of 1 with potassium O-ethylxanthate was 
FcC(O)SC(S)OCH2CH3 22, which ought to be an efficient source of ferrocenoyl 
free radicals (FcCO•). Zard et al.12 have made widespread use of similar 
compounds to generate acyl radicals.  
Fe
16
C
O
S O
S
 
Figure 3.11  Trimethylammonium ferrocenethiocarboxylate 
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The synthesis of 21 has been described previously by Katada et al.13 by 
reacting of ferrocenoyl chloride with trimethylammonium 
ferrocenethiocarboxylate (Fc(CO)SNMe3) 22 in diethyl ether. Although there 
was no evidence for the formation of 22 in the solvent-free synthesis, it seems 
likely that 7 was formed in our work from the interaction of 1 and 22. 
3.2.4 SOLVENT-FREE CATALYTIC ESTERFICATION 
For one of the reactions discussed in Section 2.2.4.1 (Chapter 2), it was found 
that a catalysed reaction occured as the crude reaction mixture was being 
concentrated. This observation, which is in keeping with a bimolecular reaction 
mechanism, motivated us to attempt the catalytic reactions under solvent-free 
conditions, since it is expected that intermolecular contact would be improved in 
the absence of solvents (Section 1.2.6.2). The triflate catalysts used in the 
solvent phase investigations were investigated under solvent-free conditions 
and the results are presented in Table 3.8 (see Sections 6.6.1.2, 6.6.3.2 & 
6.6.4.2 for experimental details). 
+
R C
O
OH
R C
O
O R'5  % catalyst
no solvent, RT or 110 oC, 48 h
R = Ph or Fc
HO R'
R' = 4-MeOPh- or n-octyl
catalyst = DPAT, Sc(OTf)3 or Al(OTf)3  
Scheme 3.11  General scheme for the catalysed reactions of ferrocenecarboxylic acid 
and benzoic acid 
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Table 3.8  Results of catalysed reactions of ferrocenecarboxylic acid and benzoic 
acid 
Catalyst Entry R R′ T  T (h) % Yielda 
5 % DPAT 1.  Ph n-octyl RT 48 0 
 2.  Ph n-octyl 80 °C 2 76 
 3.  Fc  n-octyl 80 °C 48 0 
 4.  Ph 4-MeOPh 80 °C 48 0 
Sc(OTf)3 5.  Ph n-octyl 110 °C 3 70 
 6.  Ph 4-MeOPh 110 °C 24 0 
 7.  Fc  n-octyl 110 °C 24 0 
 8.  Fc  4-MeOPh 110 °C 24 0 
Al(OTf)3 9.  Ph n-octyl 110 °C 3 67 
 10.  Ph 4-MeOPh 110 °C 24 0 
 11.  Fc  4-MeOPh RT 24 0 
 12.  Fc  4-MeOPh 110 °C 24 0 
a Isolated yields. 
 
The attempted DPAT-catalysed reaction of benzoic acid with 1-octanol 
proceeded efficiently at 80 °C and gave a high yield of n-octylbenzoate (Entry 2) 
in 2 h. At room temperature (Entries 1), no product was isolated, thereby 
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suggesting 80 °C as the optimal temperature for this catalyst, as observed 
earlier by Wakasugi et al. for reactions carried out in toluene.14 The 76 % of 
isolated ester is, however, considerably lower than the 91 % yield obtained in 
toluene (Section 2.2.4.1). This is most likely due to a large amount of octanol 
depositing on the walls of the boiling tube above the bulk of the reaction 
mixture, as was observed during the reaction. Under our experimental 
conditions, the esterification reactions failed in all instances where the 
carboxylic acid was ferrocenoic acid or when the hydroxyl compound was a 
phenol. 
Scandium triflate-catalysed reactions (Entries 5 - 8) were conducted at the 
catalyst’s optimal temperature of 110 °C. The reaction of benzoic acid with 1-
octanol proceeded efficiently and gave a 70 % yield of n-octylbenzoate in 3 h 
(Entry 5). This yield compares well with that obtained in toluene. This result is 
comparable to that obtained for the aluminium triflate-catalysed reaction of 
benzoic acid with 1-octanol, which gave 67 % of n-octylbenzoate in 3 h (Entry 
9). This is a slightly diminished yield when compared to the 85 % yield obtained 
in toluene. For both these catalysts, as was observed in the case of DPAT, 
esterification was found to be successful with benzoic acid and 1-octanol, but 
failed upon changing the hydroxyl compound to 4-methoxyphenol, or the 
carboxylic acid to ferrocenecarboxylic acid. 
Both n-octylbenzoate and 1-octanol are high-boiling viscous liquids. The 
purification of n-octylbenzoate could therefore not be achieved by selective 
evaporation on the rotary evaporator. This was achieved by washing the 
reaction mixture with dilute ice-cold aqueous NaOH to remove the unreacted 
benzoic acid and the weakly acidic 1-octanol. 
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4. SUZUKI CROSS-COUPLING REACTIONS 
4.1 INTRODUCTION 
RX R'B(OH)2
Pd(0)Ln
base
R R' XB(OH)2+ +
 
Scheme 4.1  The general equation for the palladium-catalysed Suzuki cross-coupling 
reaction 
The Suzuki cross-coupling reaction (Scheme 4.1) is one of the most widely 
used methods for transition metal-catalysed sp2-sp2 C-C bond formations.1 It 
belongs to a wide class of transition metal-catalysed carbon-carbon bond 
formation reactions and is closely related to the Heck2 and Stille3 coupling 
reactions. The reaction is mild and typically consists of an organoboron 
component and an aryl halide coupling partner, a palladium catalyst (with or 
without ligands), and a suitable base. The most commonly used organic halides 
in Suzuki reactions are aryl bromides and iodides.4 Chlorides are less reactive 
than the bromides and iodides under similar reaction conditions.5,6 
Organotrifluoroborates have recently gained popularity due to their stability and 
ease of preparation and handling.7 
The catalytic cycle of the Suzuki cross-coupling reaction consists of the 
oxidative addition step of the alkyl halide to the palladium catalyst, the 
transmetallation and the elimination steps (Scheme 4.2). Oxidative addition of 
the aryl halide is the rate-determining step and the order of reactivity is I > OTf > 
Br >> Cl.1  
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Pd(II)
Pd(0)L2
R-R' R-X
R-Pd(II)L2-X
R-Pd(II)L2-R'
R' B-
OH
OH
base
Base-B(OH)2  +  X
-
oxidative addition
transmetallation
reductive elimination
 
Scheme 4.2  The generalised mechanism for palladium-catalysed cross-coupling8 
The scope of the Suzuki reaction is wide as a result of its tolerance of a range 
of substituents on either the boronic acid or the electrophile (the alkyl halide) 
and its ability to couple sterically demanding substrates. It is particularly useful 
for the synthesis of unsymmetrical biaryls. The biaryl motif is commonly found in 
natural products, polymers, liquid crystals and advanced materials.9 Within our 
group, Imrie et al.10 and Engelbrecht11 have developed an efficient synthesis for 
arylferrocenes based on a modification of the original Suzuki conditions and 
have gone on to use these compounds in the synthesis of ferrocenomesogens 
(Figure 4.1) in aqueous ethanol. 
Fe
Z OCnH2n+1
Z =
Y
X
n = 8, 10, 12, 14
j = 0 or 1; i = 1 or 2; X = H  or F
Y = -COO-, -COO-, -COOPhCOO-  
Figure 4.1  General structure of ferrocenomesogens 
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Efforts to optimize the Suzuki cross-coupling reaction have focused on catalyst 
development, reaction medium selection, utilization of suitable organoboron 
coupling partners, and novel activation technologies.12  
The modification developed by Imrie et al.10 involved the use of deoxygenated 
90% ethanol as solvent, Pd(OAc)2 as catalyst and either K2CO3 or Ba(OH)2.8H2O 
as base. 
The Suzuki cross-coupling reaction is traditionally carried out in a volatile 
organic medium. More recently, reports have appeared in the literature of the 
successful use of alternative reaction media, such as ionic liquids.13,14 Within 
the context of green chemistry, we have investigated the use of the non-flammable, 
non-volatile N,N′-dialkylimidazolium ionic liquids media as alternatives to volatile 
organic solvents and the results are discussed herein. 
4.2 RESULTS AND DISCUSSION 
4.2.1 SYNTHESIS OF ARYLFERROCENES 
N N X-+
X = Br-, I-, BF4-, or PF6-  
Figure 4.2  Ionic liquids used in this study 
The investigation was based on phosphine-free conditions developed by 
Engelbrecht,11 using N,N′-dialkylimidazolium room temperature ionic liquids 
(Figure 4.2) as greener solvents for the Suzuki cross-coupling reaction. A series 
of arylferrocenes with a range of electron-withdrawing and electron-donating 
substituents on the phenyl ring were synthesised by reacting iodoferrocene and an 
appropriate substituted benzeneboronic acid in 1-butyl-3-methylimidazolium 
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tetrafluoroborate, [bmim][BF4], as the reaction medium (Scheme 4.3). The 
results are presented in Table 4.1. 
I
Fe +
X
B(OH)2
[bmim][BF4]
Fe
X
Pd(OAc)2, Ba(OH)2..8H2O
 
Scheme 4.3  The Suzuki cross-coupling reaction in [bmim][BF4] 
The reactions were conducted by mechanically stirring the starting reactants 
with Pd(OAc)2 and base in degassed [bmim][BF4] for 7 days after initially 
mechanically shaking the reaction mixture. These conditions had been found by 
Engelbrecht11 to produce the best yields. During the course of the reaction the 
mixtures turned dark. At the end of the reaction, the organic material was 
separated from the ionic liquid by continuous extraction with diethyl ether 
(Figure 4.3). The extracts were concentrated and pure products were obtained 
by TLC. 
Figure 4.3  Continuous extraction of organic material from [bmim][BF4] with diethyl 
ether 
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Table 4.1  Yields of arylferrocenes from the reaction of iodoferrocene and 
substituted phenylboronic acids in [bmim][BF4] (Scheme 4.3) 
Entry Xa Yield (%)b,c Recovered FcI (%) 
1.  4-Me 43 (72) 41 
2.  H 33(80) 57 
3.  4-MeO 36 57 
4.  3,4,5-(OMe)3 37(70) 47 
5.  4-Br 39 52 
6.  4-OAc 41(82) 50 
7.  4-CHO 37 44 
8.  4-F 34 54 
9.  2-F 37 38 
a X is the substituent on benzeneboronic acid (Scheme 4.3). 
b Isolated yields 
 
The overall yields of arylferrocenes (Table 4.1) in degassed [bmim][BF4] were 
moderate-to-poor, averaging about 40 %. However, in all cases, large amounts 
of unreacted iodoferrocene were recovered. Since this is not an equilibrium 
reaction, this indicates that the low percentage yields are due to poor 
conversion of the substrate, rather than a decomposition of the products or 
intermediates. In contrast to earlier findings by Engelbrecht11 that conversions 
and overall yields were higher when the substituents were electron-donating, 
there was no clear trend observed in [bmim][BF4]. Within the context of 
Engelbrecht’s observation, the result in Entry 4 is worth commenting on. In this 
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case, the phenylboronic acid used carries three electron-donating substituents. 
This should therefore translate into facile transmetallation (Scheme 4.2) and 
thus a particularly high yield of cross-coupling product. On the other hand, 
significantly lower yield of arylferrocenes were observed when the boronic acid 
carried two electron-withdrawing fluorine substituents (Entries 11 - 13). 
There were no other products, such as the self-coupling products that have 
been observed elsewhere by Song and Wong,15 identified in our work-up and 
the balance of mass was made up of recovered iodoferrocene. This indicates 
the absence of wide scale decomposition of starting materials and seems to 
imply that the catalytic system worked well up to a point and then stopped. 
Decomposition of palladium catalysts to “palladium black” in ionic liquids has 
been reported in the literature.16  
Interference with the catalyst is most probably due to the presence of dissolved 
chloride in the reaction medium (see Section 1.2.6.1.4, Chapter 1). This effect 
of dissolved chloride on transition metal catalysts has been observed by 
Chauvin et al. in hydrogenation reactions.17 We therefore decided to use only 
commercially sourced “High Purity” grade [bmim][BF4] for all the optimisation 
reactions discussed in the next section. 
4.2.2 OPTIMISATION OF THE REACTION CONDITIONS 
4.2.2.1 The Suzuki cross-coupling reaction under ambient conditions 
X
Fe + Fe
Pd(OAc)2, baseB(OH)2Me solvent, RT
Me
4-FcPhMe  
Scheme 4.4  Optimisation of the palladium acetate-catalysed reaction of iodoferrocene 
with 4-methylbenzeneboronic acid 
The impact of the reaction time on product yield was investigated first. The time 
period used for reactions in Table 4.1 was based on earlier investigations using 
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dichloromethane as reaction medium. In the present study, the product yield 
remained fairly constant when the reaction time was, first, doubled and then 
trebled (Entries 1 – 3, Table 4.2). 
This result suggests that the catalyst has been deactivated; hence no further 
product formation is possible thereafter. 
When the substrate was changed from iodoferrocene to bromoferrocene, and 
keeping all other conditions the same as for Entry 1, only 15 % of the product 
was obtained (Entry 4). However, it is important to keep in mind that for this 
reaction, due to the unavailability of methybenzeneboronic acid at the time, 
benzeneboronic acid was used. This result is therefore best compared with the 
33 % yield of phenylferrocene reported in Table 4.1, Entry 2 and is in accord 
with the established order of reactivity of organic halides (see Section 4.1).1 
Next, the bases K2CO3·1.5H2O and NaOAc·3H2O were investigated. Entries 1 – 
3 and 5 show that K2CO3·1.5H2O and Ba(OH)2·8H2O give similar results. With 
the respective pKb values of -2.02 and 3.67,18 Ba(OH)2 and K2CO3·are much 
stronger bases than NaOAc (pKb 9.25).19 However, Ba(OH)2·8H2O, outperforms 
K2CO3·1.5H2O in the presence of 33 % H2O (Entries 10 - 11). NaOAc·3H2O 
gave the poorest results (Entry 6), but the yields doubled in the presence of 
water (Entry 6, 12). For K2CO3·1.5H2O, however, the presence of water did not 
lead to an enhancement of product yield (Entries 5, 11).  
When [bmim][I] and [bmim][PF6] were respectively used, the cross-coupling 
reaction  failed. Both these attempts were characterised by a large amount of 
unreacted starting material (Entries 8, 9). The best yields were, however, obtained 
when 95 % aqueous ethanol was used. 
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Table 4.2  The palladium acetate-catalysed reaction of iodoferrocene with 4-
methylbenzeneboronic acid: Base, time and solvent effects (Scheme 4.4, p. 
121) 
Entry Xa Solvent Base Time 4-FcPhMe FcI 
1.  I [bmim][BF4] Ba(OH)2·8H2O 7 28 49 
2.  I [bmim][BF4] Ba(OH)2·8H2O 14 30 34 
3.  I [bmim][BF4] Ba(OH)2·8H2O 21 29 24 
4.  Brb [bmim][BF4] Ba(OH)2·8H2O 7 15 - 
5.  I [bmim][BF4] K2CO3·1.5H2O 7 30 42 
6.  I [bmim][BF4] NaOAc·3H2O 7 13 76 
7.  I 95 % ethanol Ba(OH)2·8H2O 7 54 - 
8.  I [bmim][I] Ba(OH)2·8H2O 7 0 88 
9.  I [bmim][PF6] Ba(OH)2·8H2O 7 0 87 
10.  I [bmim][BF4]-H20 (2:1) Ba(OH)2·8H2O 7 39 54 
11.  I [bmim][BF4]-H20 (2:1) K2CO3·1.5H2O 7 26 69 
12.  I [bmim][BF4]-H20 (2:1) NaOAc·3H2O 7 24 - 
       
a X is the substituent on ferrocene (Scheme 4.4) 
b Benzeneboronic acid was used and the product isolated was phenylferrocene 
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4.2.2.2 The Suzuki cross-coupling reaction under special activation 
conditions 
 
I
Fe +
X
B(OH)2
base, catalyst
[bmim][BF4]
Fe
X
arylferrocene  
Scheme 4.5  Optimisation of the Suzuki reaction in [bmim][BF4] 
Several groups have carried out the Suzuki cross-coupling reaction in ionic 
liquids, such as phosphonium salts,20 ammonium salts,21 and imidazolium 
salts.22 Mathews et al.22a reacted a series of aryl halides with phenylboronic 
acid in the presence of pre-activated Pd(PPh3)4 and aqueous Na2CO3 in 
[bmim][BF4]. In that procedure, the catalyst was preactivated by heating in 
vigorously stirred [bmim][BF4] until complete dissolution at 110 °C. The catalytic 
solution was then cooled and the reaction started by the addition of the 
appropriate arylboronic acid and aqueous Na2CO3. The authors reported that 
under those conditions, catalyst decomposition was not observed. The reaction 
of bromotoluene and benzeneboronic acid provided a 69 % yield of 4-
methylbromotoluene after 10 min.  
The conditions developed by Mathews et al.22a interested us from a green 
chemistry perspective since heat was applied only briefly to dissolve the 
catalyst. To confirm this procedure, the reaction of bromotoluene and 4,4′-
dimethylbiphenyl acid was conducted under similar conditions to those reported 
by Mathews et al. and this provided an 80 % isolated yield of 4,4′-
dimethylbiphenyl (Entry 4). In contrast to our finding when 4-bromotoluene was 
used, no yield enhancement was gained by catalyst preheating when 
iodoferrocene was used (Entries 1, 3 and Table 4.2, Entry 1). In addition, 
beyond 10 min, an increase in reaction time did not give a higher yield (Entry 2). 
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Table 4.3  Thermal, catalyst and ultrasonic effects 
Entry Xa Temp. Time Base/ catalyst Arylferrocene FcI
1. 4-Me 80 °C 10 min aq. Na2CO3, Pd(PPh3)4 26 60 
2. 4-Me 80 °C 24 h aq. Na2CO3, Pd(PPh3)4 27 62 
3. 4-H 80 °C 10 min aq. Na2CO3, Pd(PPh3)4 20 67 
4. 4-Meb 80 °C 10 min aq. Na2CO3, Pd(PPh3)4 80b - 
5. 4-H RT 1 h Pd(OAc)2, Ba(OH)2.8H2O 29 77 
6. 4-H 40 °C 1 h Pd(OAc)2, Ba(OH)2.8H2O 38 - 
7. 4-H 40 °C 20 min Pd(OAc)2, NaOAc 14 67 
8. 4-Hc 40 °C 20 min Pd(OAc)2, NaOAc 11 81c 
a X is the substituent on the boronic acid 
b Bromotoluene was used and the product isolated was 4,4′-dimethylbiphenyl 
c Iodoferrocene was used as substrate 
 
Ultrasonic radiation has emerged as one of the green activation techniques in 
chemistry (Section 1.2.6.3.3, Chapter 1). Rajagopal et al23 reported on 
ultrasound-promoted Suzuki cross-coupling reactions of aryl halides with 
phenylboronic acid in the presence of sodium acetate as base and palladium (II) 
acetate as catalyst in a 1,3-dibutylimidazolium tetrafluoroborate-methanol 
([bbim][BF4]-MeOH) solvent mixture. In that work, the authors found it 
necessary to use methanol as co-solvent, as phenylboronic acid is insoluble in 
[bbim][BF4]. This procedure was attractive to us since, unlike in the pre-
activation conditions reported by Mathews et al.,22a the procedure was 
phosphine-free. Phosphine ligands are notoriously difficult to remove from 
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products. 
Our initial investigation involved modifying the original conditions described in 
Scheme 4.3, p. 119, first at room temperature and then at 40 ˚C. A slightly 
higher yield was observed when sonication was done at 40 ˚C (Entries 5 - 6). 
The results when the reactions were conducted under the ultrasonic radiation 
conditions reported by Rajagopal et al.23 have yielded the poorest isolated 
product yields and highest amount of recovered starting iodoferrocene (Entry 7) 
and bromoferrocene (Entry 8), respectively. The latter conditions include the 
use of NaOAc and the results in Entries 5 – 6 confirm our earlier finding that 
sodium acetate is a poor base for the Suzuki cross-coupling reaction (Table 4.2, 
Entry 6). This is due to its low basicity (pKb 9.25). 
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CONCLUSION 
5.1 OVERVIEW 
This study focussed on the application of green chemistry principles to 
ferrocene chemistry, particularly the elimination of the use of volatile organic 
compounds as reaction media. Non-volatile, non-flammable imidazolium ionic 
liquids [bmim][I], [bmim][BF4] and [bmim][PF6] were synthesised for application 
as green solvents in ferrocene chemistry. In addition, commercial “High Purity” 
grade [bmim][BF4] was used in the optimisation of the Suzuki cross-coupling 
reaction. 
Whereas the standard DCC/DMAP-promoted esterification methodology 
involves the use of a chlorinated solvent, greener solvents were used in this 
study and excellent yields of ferrocenoate and substituted benzoate esters were 
obtained. High yields of esters were obtained for all reactions conducted in 
[bmim][BF4].1 The yields were somewhat lower in [bmim][PF6], presumably due 
to viscosity effects. In [bmim][PF6], electron-deficient phenols provided higher 
yields of benzoates than their electron-rich counterparts did. Not only was it 
possible to reuse [bmim][BF4] several times with consistently high yields, but 
shorter reaction times were achieved. The successful recycling of ionic liquids is 
economically significant both in terms of pollution control and in offsetting the 
high cost associated with ionic liquids and should be particularly interesting to 
the chemical industry. These benefits (high yields, short reaction times and 
recyclability of the reaction medium) have also been achieved in DMAP-
promoted esterification reactions of ferrocenoyl fluoride with phenols and other 
nucleophiles.
CONCLUSION 
 
Under solvent-free conditions, yields were excellent and reaction rates even 
faster than observed in the ionic liquids used during the early stages of this 
study. Most of the reactions were complete within 3 min. As part of a 
mechanistic study, the reaction of different combinations of ferrocenecarboxylic 
acid, DCC, DMAP and 4-methoxyphenol was studied in detail and compared with 
the analogous reaction of 4-methoxybenzoic acid. The respective reactions of 
ferrocenecarboxylic acid and 4-methoxybenzoic acid with DCC proceeded with 
similar conversion rates, producing analogous urea derivatives and anhydrides, 
and differing only in their product distribution patterns. Ester formation with 
ferrocenemonocarboxylic acid in the absence of DMAP proceeded relatively slowly 
and gave a slightly diminished yield of the ester and a relatively higher yield of the 
urea derivative. A reaction sequence to account for all the products isolated has 
been proposed. This reaction sequence is more comprehensive than the standard 
sequence in the literature and is in preparation for publication. The adduct formed 
by the reaction of ferrocenecarboxylic acid and DCC was spectrally (13C-NMR) 
identified as N,N′-dicyclohexyl-N-ferrocenoylurea. This was supported by our 
theoretical calculations using density function theory (DFT) at the B3LYP/6-31G* 
level of approximation, by way of simpler analogues. 
Catalyst-free esterification was achieved by the application of microwave 
radiation to the reaction of ferrocenoyl fluoride and a range of substituted 
phenols. All the reactions were complete after 1 min of irradiation and high 
yields of esters were isolated; these results were recently published.2 The 
elimination of the need for a catalyst drastically improves the atom economy of 
the esterification and is thus of immense industrial significance, as the use of 
microwave radiation is cheaper than the cost of catalysts and the separation 
thereof from products at the end of the reactions. Despite these advantages, 
efficient trapping of HF is still a concern at this stage. 
In addition to high yields and shorter reaction times, the solvent-free approach 
has led to the discovery of new chemistry. The reaction of ferrocenoyl fluoride 
with potassium O-ethylxanthate gave an unexpected product, ferrocenoic 
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thioanhydride, in high yield. This reaction, in which atomic sulphur was trapped 
between two ferrocenoyl moieties by the reaction of ferrocenoyl fluoride with 
potassium O-ethylxanthate, had not been reported before and a report was 
recently published by us.2 
The investigation into catalytic esterification gave poor results. DPAT, HfCl4, 
Sc(OTf)3 and Al(OTf)3 were screened as catalysts for the esterification of 
ferrocenecarboxylic acid and benzoic acid, respectively, in [bmim][BF4] and 
under solvent-free conditions under various temperature conditions. With these 
catalysts, esterification occurred only for benzoic acid when the hydroxy 
compound was aliphatic. All esterification attempts with ferrocenecarboxylic 
acid failed, pointing to the unsuitability of ferrocene as a substrate for 
esterification with these catalysts under our experimental conditions. 
Although the synthesis of arylferrocenes is viable in [bmim][BF4], when 
compared to the results obtained in aqueous ethanol, the ionic liquid was found 
not to be particularly suitable as a solvent for the synthesis of arylferrocenes. The 
isolated yields are poor and the results suffer from poor reproducibility with different 
batches of [bmim][BF4] used. Various activation techniques, although proven 
successful for aryl halides have not been successful with iodoferrocene as the 
substrate in this investigation. The latter observation points to a low reactivity of 
iodoferrocene towards Suzuki cross-coupling relative to aryl halides. 
In conclusion, green chemistry principles were applied to esterification and 
Suzuki cross-coupling reactions. The use of ionic liquids and the solvent-free 
approach in esterification achieved high yields and short reaction times. New 
knowledge was created in terms of a comprehensive reaction sequence and the 
discovery of a new reaction. Although the results of the catalytic esterification 
attempts and the Suzuki reaction were unsatisfactory, the esterification results 
demonstrate the beneficial role of green chemistry within fundamental research 
and the chemical industry. We have demonstrated the vital role it can play 
towards the economic and environmental objectives of sustainable 
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development. 
5.2 FUTURE PROSPECTS 
The following have been identified as challenges for future consideration: 
(a) Ionic liquids 
i) Synthesis of chloride-free ionic liquids using the newer methods 
described in Section 1.2.6.1.5 a 
ii) Use of biorenewable ionic liquids (Section 1.2.6.1.5 c) 
(b) Esterification reactions 
i) Use of functionalised ionic liquids, thereby potentially eliminating 
the need for catalysts 
ii) Investigation of other esterification reactions, such as the 
Mitsunobu reaction, in ionic liquids 
iii) Investigation of supported catalysts (heterogeneous catalysis) 
(c) Suzuki cross-coupling reactions 
i) Stabilisation of Pd catalysts in ionic liquids 
ii) Recycling the ionic liquid and catalyst 
ii) Suzuki cross-coupling reactions under solvent-free conditions 
iii) Suzuki cross-coupling reactions in fluorous media. 
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6. EXPERIMENTAL DETAILS 
6.1 GENERAL REMARKS 
All sensitive reactions were performed under an atmosphere of dry nitrogen or 
argon. All glassware was washed and thoroughly dried prior to use. 
6.1.1 INSTRUMENTAL 
Melting points were recorded on an Electrothermal IA 900 series digital melting 
point apparatus and are uncorrected. Infrared spectra were recorded on a 
Perkin Elmer 1600 Series or a DigiLab FTS 3100 Excalibur HE Series 
spectrometer as KBr discs or liquid films. 1H and 13C NMR spectra were 
recorded on a Bruker Avance (300 MHz) spectrometer as solutions in 
deuterated chloroform or deuterated acetone, using tetramethysilane as internal 
standard. NMR peak frequencies are quoted in ppm and coupling constants in 
Hertz. Mass spectra were recorded on a high resolution VG70- SEQ 
spectrometer (70 eV direct insertion probe or FAB) at the Cape Technikon, or a 
Micromass Autospec at the North-West University or the University of the 
Witwatersrand. Microwave irradiation was carried out using a domestic LG 
Intellowave microwave oven (700 W). Ultrasonic irradiation was carried out 
using a UMC 5 ultrasonic bath. Theoretical calculations were carried out using 
Spartan `04 Windows. 
6.1.2 PURIFICATION OF MATERIALS 
Silica gel 60 was used for column chromatography. TLC was carried out on thin 
layer preparative chromatography plates using silica gel 60 F254 (1.5 mm) as 
adsorbent. TLC plates were viewed under UV light. Reagents were purchased 
EXPERIMENTAL DETAILS 
 
from Lancaster Synthesis (UK), Sigma-Aldrich and Strem Chemicals and were 
used without further purification. Substituted phenols were purified by column 
chromatography. Most solvents that required drying were freshly dried prior to 
reaction using standard drying procedures and stored over molecular sieves.1 
 
Table 6.1  Drying agents for various solvents 
Solvent Drying Agent 
Benzene Na wire 
Toluene Na wire 
Dichloromethane CaCl2; CaH2 
Diethyl ether Na wire 
Methanol Iodine; Mg turnings 
Ethanol Iodine; Mg turnings 
Acetone 3 Å molecular sieves 
 
6.2 PREPARATION OF PRECURSORS 
6.2.1 ESTERIFICATION PRECURSORS 
6.2.1.1 Ferrocenoyl fluoride2 
The procedure was carried out in a N2 glove box. A suspension of 
ferrocenecarboxylic acid (1.152 g, 5.001 x 10-3 mol) and pyridine (0.8 cm3, 
1 x 10-2 mol) was cooled to about 0 °C over ice. Cyanuric fluoride (1.8 cm3, 1 x 
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10-2 mol) was added and the mixture was stirred for 90 minutes at 0 °C. The 
reaction was quenched with crushed ice/water (25 g). The suspension was 
filtered, the organic layer separated and washed with water (3 x 25 cm3). The 
organic layer was separated, dried over anhydrous sodium sulphate and 
concentrated in vacuo. The residue was passed through a silica gel column, 
and the product was eluted with a 6:1 hexane-ethyl acetate solution. 
Ferrocenoyl fluoride was obtained as a red solid (0.974 g, 84 %), which after 
sublimation provided ferrocenoyl fluoride (0.826 g, 71 %), mp. 80.4-80.7 °C (lit.3 
68 – 69); δH(CDCl3) 4.88 (2 H, t, J 1.9, C5H4), 4.60 (2H, t, J 1.6, C5H4), 4.33 (5H, 
s, C5H5); δC(CDCl3) 165.7, 73.6, 71.7, 70.9; νmax(KBr)/cm-1 1799, 1450, 1397, 
1371, 1267, 1068, 995, 891, 818, 755, 698, 536, 484; m/z 232 (M+, 92), 167 
(45), 140 (57), 92 (100), 75 (12), 64 (14), 56(10). (Found: M+, 231.99650. 
C11H9FFe requires M+, 231.99868). 
6.2.1.2 Diphenylammonium triflate4 
Trifluoromethane sulfonic acid (0.749 g, 4.99 x 10-3 mol) was added to a stirred 
solution of diphenylamine (0.84 g, 5.01 x 10-3 mol) in dry toluene (10 cm3) under 
an atmosphere of dry nitrogen. The mixture was stirred for 15 minutes at room 
temperature. Toluene was then removed under reduced pressure. The crude 
product was washed with hexane and yielded diphenylammonium triflate, 
DPAT, (1.53 g, 97 %), mp. 174 °C (lit.4 172–173 °C); δH(CDCl3) 7.47 (10 H, m, 
ArH); δC(CDCl3) 136.9, 130.8, 130.3, 123.3, 118.1; νmax(KBr)/cm-1 3022, 1593, 
1495, 1293, 1213, 1175, 1027, 789, 764, 732, 693, 666, 639; m/z 169 (C12H11N, 
100 %). 
6.2.1.3 N-Hydroxypyridine-2-thione 
Quantities: N-hydroxypyridine-2-thione sodium salt (0.2008 g, 1.35 x 10-3 mol) 
was placed in a beaker and dissolved in a minimum amount of water (dropwise 
addition). HCl (6 M) was added dropwise until there was no further formation of 
a white precipitate. The resulting precipitate was filtered, washed with a few 
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drops of cold water and then dried. The product, N-hydroxypyridine-2-thione 
was obtained as off-white crystals (0.1633 g, 95 %), mp. 70 ºC; νmax (KBr cm-1) 
3100, 1597, 1562, 1485, 1450, 1402, 1257, 1185, 1132, 1074, 1014, 806, 743, 
706, 581, 524; δH (CDCl3) 8.11 (1H, m, vinylic), 7.71 (1H, m, vinylic), 7.30 (1H, 
m, vinylic), 6.80 (1H, m, vinylic); δC(CDCl3) 167.5, 144.4, 132.9, 132.7, 131.7. 
6.2.2 SUZUKI REACTION PRECURSORS 
6.2.2.1 Chloromercuriferrocene5 
A solution of mercuric acetate (43.0 g, 0.134 mol) in dry methanol (345 cm3) 
was added dropwise to a stirred solution of ferrocene (50.79 g, 0.273 mol) 
under an atmosphere of dry nitrogen. The reaction was allowed to stir at room 
temperature for 15 h under a nitrogen atmosphere. A solution of lithium chloride 
(12.0 g, 0.28 mol) in a 1:1 ethanol-water mixture (81 cm3) was prepared and 
added dropwise to the reaction mixture. The resulting orange suspension was 
stirred at room temperature for 2 h, heated under reflux for 1 h, collected and 
extracted in a Soxhlet apparatus with dichloromethane. The dichloromethane 
extract was washed with water and dried overnight over anhydrous sodium 
sulfate. The solvent was removed in vacuo and the solid residue was sublimed 
to remove unreacted ferrocene. Chloromercuriferrocene was obtained as a 
yellow solid (20.06 g, 18 %), mp. 194 ºC (lit.5 196 – 198 °C); δH(CDCl3) 4.67 (2 
H, t, J 1.9, C5H4), 4.45 (5H, s, C5H5), 4.35 (2H, t, J 1.9, C5H4); νmax(KBr)/cm-1 
1600, 1400, 1140, 1100, 820; m/z 423 (26 %), 422 (59), 421 (30), 186 (21), 185 
(37), 184 (100) (Found: C, 28.4; H, 2.2 %. C10H9ClFeHg requires C, 28.5; H, 
2.2%). 
6.2.2.2 Iodoferrocene6 
6.2.2.2.1 Method 1 
Iodine (7.21 g, 2.84 x 10-2 mol) was dissolved in dichloromethane (200 cm3). 
This solution was added dropwise to a stirred solution of 
 137
EXPERIMENTAL DETAILS 
 
chloromercurioferrocene (12.007 g, 2.85 x 10-2 mol) in dichloromethane (300 
cm3) contained in a 2 dm3 round-bottomed flask and allowed to stir at room 
temperature. After 8 h, a 10 % aqueous solution of sodium thiosulfate was 
added to destroy the excess iodine. The resulting dark mixture was filtered and 
extracted with diethyl ether (5 x 150 cm3) and dried over sodium sulfate. The 
organic solvent was removed in vacuo and the residue was then passed 
through a silica gel column, eluting with hexane. Iodoferrocene was eluted as a 
single fraction and was obtained as a dark yellow solid (5.43 g, 61 %), mp. 48.5 
– 49.1 °C (lit7 49 – 49.5 °C); δH(CDCl3) 4.33 (2 H, t, J 1.9, C5H4), 4.10 (5H, s, 
C5H5), 4.00 (2H, t, J 1.9, C5H4); νmax(KBr)/cm-1 3090, 1600 – 1700, 1410, 1100, 
1020, 1000, 820; m/z 312 (12%), 311 (M+), 310 (7), 186 (23), 185 (16), 184 (40) 
(Found: C, 38.7; H, 2.7 %. C10H9FeI requires C, 38.5; H, 2.9 %). 
6.2.2.2.2 Method 2 
A cooled solution of iodine (3.00 g, 1.5 x 10-2 mol) in dichloromethane (300 cm3) 
was added to a stirred solution of chloromercuriferrocene (6.00 g, 1.44 x 10-2 
mol) in dichloromethane (120 cm3) under an atmosphere of dry nitrogen. The 
reaction mixture was stirred for 1 h, after which a spatula tip of ascorbic acid 
was added and the mixture was allowed to stir for a further 1 h. The reaction 
mixture was then washed, first with a 10 % aqueous solution of sodium 
thiosulfate and then with water. The organic layer was separated, dried over 
anhydrous sodium sulfate and concentrated in vacuo and the residue was then 
passed through a silica gel column, eluting with hexane. Iodoferrocene was 
eluted as a single fraction and was obtained as a dark yellow solid (2.79 g, 
62.2%). Characterization is provided in 6.2.2.2.1. 
6.3 PREPARATION OF IONIC LIQUIDS 
The ionic liquids 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]) 
and 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]) were 
prepared from 1-butyl-3-methylimidazolium chloride ([bmim]Cl). 
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6.3.1 PREPARATION OF 1-BUTYL-3-METHYLIMIDAZOLIUM CHLORIDE ([bmim]Cl)8 
1-Methylimidazole (100 cm3, 1.25 mol) was added to excess of 1-chlorobutane 
(216 cm3, 2.07 mol) in a 2 dm3 round-bottomed flask fitted with a calcium 
chloride drying tube and this mixture was heated under reflux for 24 h. Excess 
1-chlorobutane was removed in vacuo and [bmim]Cl crystallized overnight as a 
white solid (212 g, 97 %), δH(CDCl3) 10.61 (1 H, s, ArH), 7.85 (1H, s, ArH), 7.64 
(1H, s, ArH), 4.44 (2H, t, J 7.4, CH2), 4.19 (3H, s, CH3) 1.98 (2H, m, CH2), 1.40 
(2H, m, CH2), 0.99 (3H, t, J 7.3, CH3); δC(CDCl3) 137.9, 124.1, 122.9, 49.9, 
36.7, 32.4, 19.7, 13.7; νmax(CHCl3)/cm-1 3072, 2960, 2870, 2740, 2114, 1636, 
1570, 1466, 1383, 1336, 1172, 1115, 1020, 950, 862, 754, 653, 622; m/z 139 (2 
%), 137 (15), 124 (8), 97 (11), 96 (63), 95 (43), 82 (100), 54 (30); M+ not seen.  
6.3.2 PREPARATION OF 1-BUTYL-3-METHYLIMIDAZOLIUM IODIDE ([bmim]I)9  
To a cooled, stirred mixture of 1-butylimidazole (40 cm3, 0.3045 mol) in dry 
benzene was added dropwise iodomethane (31 cm3, 0.497 mol). After 20 
minutes the mixture was heated under reflux for 5 h. The supernatant was 
removed from the oily layer that separated. The oily layer was washed with dry 
benzene to yield 1-butyl-3-methylimidazolium iodide ([bmim]I). This was then 
distilled under reduced pressure, rejecting the first few millilitres. The yellow 
[bmim]I was collected (50.8 g, 63 %); δH(CDCl3) 9.98 (1 H, s, ArH), 7.58 (1H, s, 
ArH), 7.50 (1H, s, ArH), 4.33 (2H, t, J 7.4, CH2), 4.11 (3H, s, CH3), 1.91 (2H, m, 
CH2), 1.39 (2H, m, CH2), 0.95 (3H, t, J 7.3, CH3); δC(CDCl3) 137.1, 125.7, 
122.7, 50.4, 37.5, 32.5, 19.9, 13.9; νmax(KBr)/cm-1 3139, 3070, 2956, 2869, 
1569, 1462, 1379, 1338, 1167, 1021, 815, 752, 618; m/z 139 (56 %), 127 (27), 
96 (56), 82 (100); M+ not seen. 
6.3.3 PREPARATION OF 1-BUTYL-3-METHYLIMIDAZOLIUM 
 TETRAFLUOROBORATE  ([bmim][BF4])10 
To a stirred solution of 1-butyl-3-methylimidazolium chloride (212 g, 1.21 mol) in 
acetone (500 cm3) contained in a 2 dm3 round-bottomed flask fitted with a 
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calcium chloride drying tube was added sodium tetrafluoroborate (193.23 g, 
1.76 mol). The mixture was allowed to stir for 24 h at room temperature and 
then filtered through a 3 cm plug of celite. The volatile solvent was removed in 
vacuo to yield a pale yellow liquid identified as [bmim][BF4] (245 g, 90 %); 
δH(C3D6O) 8.83 (1H, s, ArH), 7.71 (1H, s, ArH), 7.68 (1H, s, ArH), 4.32 (2H, t, J 
7.3, CH2), 4.00 (3H, s, CH3), 1.89 (2H, m, CH2), 1.37 (2H, m, CH2), 0.92 (3H, t, 
J 7.4, CH3); δC(C3D6O) 137.8, 125.0, 123.7, 50.5, 36.9, 33.1, 20.3, 14.1; 
νmax(film)/cm-1 3161, 2964, 2876, 1574, 1466, 1379, 1332, 1279, 1167, 1062, 
850, 750, 652, 624; m/z 140 (10 %), 139 (100), 109 (4), 96 (4), 83 (19), 82 (5); 
M+ not seen. 
6.3.4 PREPARATION OF 1-BUTYL-3-METHYLIMIDAZOLIUM 
HEXAFLUOROPHOSPHATE ([bmim][PF6])10  
To a stirred solution of 1-butyl-3-methylimidazolium chloride (45.3 g, 0.260 mol) 
in acetone (200 cm3) contained in a 2 dm3 round-bottomed flask fitted with a 
calcium chloride drying tube was added sodium hexafluorophosphate (43.60 g, 
0.260 mol). The mixture was allowed to stir for 24 h at room temperature and 
then filtered through a 3 cm plug of celite. The volatile solvent was removed in 
vacuo to yield a near-colourless liquid identified as [bmim][PF6] (67.4 g, 91 %); 
δH(CDCl3) 8.41 (1 H, s, ArH), 7.35 (2H, s, ArH), 4.21 (2H, t, J 7.4, CH2), 3.87 
(3H, s, CH3), 1.94 – 1.83 (2H, m, CH2), 1.60-1.32 (2H, m, CH2), 0.89 (3H, t, J 
7.4, CH3); νmax(film)/cm-1 3170, 3124, 2966, 2878, 1575, 1467, 1341, 1386, 
1340, 1170, 1114, 836, 752, 651, 624, 558; m/z 139 (100), 109 (6), 96 (4), 83 
(18), 82 (5); M+ not seen. 
6.3.5 DEGASSING OF IONIC LIQUIDS 
The ionic liquids [bmim]I, [bmim][BF4] and [bmim][PF6] were first deaerated by 
purging with nitrogen overnight and then subjected to three cycles of the freeze-
thaw degassing procedure. 
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6.4 DICYCLOHEXYLCARBODIIMIDE/ N,N-DIMETHYL-
AMINOPYRIDINE-PROMOTED REACTIONS 
6.4.1 ESTERIFICATION REACTIONS OF FERROCENECARBOXYLIC ACID IN 
[BMIM][BF4] AND [BMIM][PF6] 
General method 1. To degassed [bmim][BF4] (6 cm3) or [bmim][PF6] (6 cm3) 
contained in a 25 cm3 round-bottomed flask was added ferrocenecarboxylic 
acid (4.4 x 10-4 mol), a substituted phenol (4.4 x 10-4 mol), 
dicyclohexylcarbodiimide (DCC) (5.3 x 10-4 mol) and N,N-dimethylaminopyridine 
(DMAP) (2.1 x 10-4 mol). Dry nitrogen was blown over the reaction mixture and 
the flask sealed. The reaction mixture was stirred at room temperature for 24 h, 
whereupon it was extracted with diethyl ether (9 x 5 cm3). The ethereal extract 
was washed with water (3 x 30 cm3) and dried over anhydrous sodium sulfate 
overnight. The ether was removed in vacuo. The residue was passed through a 
short silica gel column, and the ester product was eluted with dichloromethane. 
A hexane-ether (1:5) solvent system was also successfully employed to elute 
the ester products. Unreacted ferrocenecarboxylic acid was stripped off the 
column with methanol. In most cases the purity of the ester products did not 
necessitate further purification by TLC. Overall yields of the ester products are 
quoted with respect to the starting material, ferrocenecarboxylic acid. 
6.4.1.1 4-Methoxyphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43 x10-4 mol), 4-
methoxyphenol (0.054 g, 4.35 x 10-4 mol), DCC (0.114 g, 5.42 x 10-4 mol), 
DMAP (0.029 g, 2.1 x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was 
performed as described under “General method 1”. Workup gave recovered 
ferrocenecarboxylic acid (0.003 g, 1.3 x 10-3 mol) and 4-methoxyphenyl 
ferrocenecarboxylate as orange crystals (0.125 g, 86 %, w.r.t. conversion 88 
%), mp. 92 °C; δH (CDCl3) 7.11 (2 H, d, J 8.9, ArH), 6.76 (2H, d, J 8.9, ArH), 
4.93 (2H, t, J 1.7, C5H4), 4.51 (2H, t, J 1.7, C5H4), 4.32 (5H, s, C5H5), 3.85 (3H, 
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s, OCH3); δC 170.9, 149.1, 135.6, 130.3, 121.8, 72.7, 71.4, 70.7, 21.3; νmax 
(KBr)/cm-1 2851, 1720, 1626, 1595, 1541, 1504, 1453, 1372, 1277, 1247, 1191, 
1114 1034, 913, 863, 800, 765, 732, 640, 556, 504; m/z 336 (M+, 63), 244 (11), 
229 (12), 213 (100), 185 (40), 129 (21), 121 (31), 56 (8). (Found: M+, 
336.04540. C18H16FeO3 requires M+, 336.04488). 
6.4.1.2 4-Methoxyphenyl ferrocenecarboxylate (3 h) 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43 x10-4 mol), 4-
methoxyphenol (0.055 g, 4.43 x 10-4 mol), DCC (0.110 g, 5.33 x 10-4 mol), 
DMAP (2.1 x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as 
described under the general method but over 3 h. Workup gave 4-
methoxyphenyl ferrocenecarboxylate (0.024 g, 14 %). Characterization is 
provided in 6.4.1.1. 
6.4.1.3 4-Methoxyphenyl ferrocenecarboxylate (6 h) 
Quantities: Ferrocenecarboxylic acid (0.101 g, 4.39 x10-4 mol), 4-
methoxyphenol (0.055 g, 4.43 x 10-4 mol), DCC (0.108 g, 5.23 x 10-4 mol), 
DMAP (2.1 x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as 
described under the general method but over 6 h. Workup gave 4-
methoxyphenyl ferrocenecarboxylate (0.124 g, 84 %). Characterization is 
provided in 6.4.1.1. 
6.4.1.4 4-Methoxyphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.101 g, 4.39 x 10-3 mol), 4-
methoxyphenol (0.054 g, 4.35 x 10-4 mol), DCC (0.112 g, 5.33 x 10-4 mol), 
DMAP (0.025 g, 2.05 x 10-4 mol) and [bmim][PF6] (6 cm3). The reaction was 
performed as described under the general method. Workup gave recovered 
ferrocenecarboxylic acid (0.002 g, 8.96 x 10-6 mol) and 4-methoxyphenyl 
ferrocenecarboxylate (0.124 g, 85 %, w.r.t. conversion 86 %). Characterization 
is provided in 6.4.1.1. 
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6.4.1.5 4-Bromophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.100 g, 4.35 x10-4 mol), 4-bromophenol 
(0.076 g, 4.39 x 10-4 mol), DCC (0.119 g, 5.33 x 10-4 mol), DMAP (2.1 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
the general method. Workup gave recovered ferrocenecarboxylic acid (0.003 g, 
1.3 x 10-3 mol) and 4-bromophenyl ferrocenecarboxylate as orange crystals 
(0.148 g, 88 %, w.r.t. conversion 91 %), mp. 163 °C; δH (CDCl3) 7.55 (2H, d, J 
8.9, ArH), 7.09 (2H, d, J 8.9, ArH), 4.97 (2H, t, J 1.9, C5H4), 4.53 (2H, t, J 1.9, 
C5H4), 4.31 (5H, s, C5H5); δC(CDCl3) 170.5, 150.3, 132.9, 119.0, 72.5, 71.1, 
70.4, 70.0; νmax(KBr)/cm-1 2962, 2119, 1733, 1568, 1451, 1408, 1368, 1272, 
1199, 1170, 1091, 1018, 910, 865, 826, 792, 764, 555, 497; m/z 384 (M+, 36 
%), 292(4), 213(100), 185(44), 129(37), 121(16), 56(10). (Found: M+, 
383.94537. C17H13BrFeO2 requires M+, 383.94483). 
6.4.1.6 4-tert-Butylphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43 x10-4 mol), 4-tert-
butylphenol (0.069 g, 4.59 x 10-4 mol), DCC (0.111 g, 5.28 x 10-4 mol), DMAP 
(2.1 x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as 
described under the general method. Workup gave recovered 
ferrocenecarboxylic acid (0.003 g, 1.3 x 10-3 mol) and 4-tert-butylphenyl 
ferrocenecarboxylate as red-orange crystals (0.131 g, 82 %, w.r.t. conversion 
84 %), mp. 174 °C; δH(CDCl3) 7.45 (2H, d, J 8.8 Hz, ArH), 7.13 (2H, d, J 8.8 Hz, 
ArH), 4.97 (2H, t, J 1.9 Hz, C5H4), 4.51 (2H, t, J 1.9 Hz, C5H4), 4.32 (5H, s, 
C5H5), 1.36 (9H, s, 3 x CH3); 13C-NMR (CDCl3) 170.8, 148.9, 148.8, 126.7, 
121.4, 72.3, 71.0, 70.7, 70.3, 34.9, 31.9; νmax(KBr)/cm-1 3111, 3092, 3062, 
1729, 1483, 1453, 1396, 1373, 1272, 1213, 1194, 1161, 1108, 1068, 1010, 910, 
864, 830, 782, 760, 634, 834, 534; m/z 362 (M+), 255 (20), 213 (100), 185 (24), 
168 (7), 129 (17), 121 (16), 91 (6), 41 (8); Anal. Calc. for C21H22FeO2: [M+], 
362.09692. Found: [M+], 362.09629 
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6.4.1.7 4-Chlorophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.101 g, 4.39 x10-4 mol), 4-chlorophenol 
(0.061 g, 5.42 x 10-4 mol), DCC (0.113 g, 5.37 x 10-4 mol), DMAP (2.1 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
the general method. Workup gave recovered ferrocenecarboxylic acid (0.001 g, 
4.35 x 10-6 mol) and 4-chlorophenyl ferrocenecarboxylate as orange crystals 
(0.149 g, 99 %, w.r.t. conversion 100%), mp. 97–98 °C; δH(CDCl3) 7.40 (2H, d, 
J 8.6, ArH), 7.15 (2H, d, J 8.6, ArH), 4.98 (2H, t, J 1.8, C5H4), 4.54 (2H, t, J 1.8, 
C5H4), 4.32 (5H, s, C5H5); δC(CDCl3) 170.6, 149.8, 131.3, 131.3, 129.9, 123.5, 
72.5, 71.1, 70.4; νmax(KBr)/cm-1 3094, 2929, 2118, 1733, 1486, 1453, 1408, 
1327, 1271, 1194, 1159, 1107, 1094, 1012, 909.8, 864, 831, 785, 761, 660, 
536, 510, 486; m/z 340 (M+, 53), 311 (15), 248 (12), 213 (100), 185 (40), 129 
(25), 121 (14), 56 (6). (Found: M+, 339.99547. C17H13ClFeO2 requires M+, 
399.99535). 
6.4.1.8 4-Chlorophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.101 g, 4.39 x10-3 mol), 4-chlorophenol 
(0.057 g, 4.43 x 10-4 mol), DCC (0.108 g, 5.14 x 10-4 mol), DMAP (0.031 g, 2.54 
x 10-4 mol) and [bmim][PF6] (6 cm3). The reaction was performed as described 
under the general method. Workup gave recovered ferrocenecarboxylic acid 
(0.006 g, 2.61 x 10-4 mol) and 4-chlorophenyl ferrocenecarboxylate (0.124 g, 83 
%, w.r.t. conversion 88 %). Characterization is provided in 6.4.1.7. 
6.4.1.9 4-Formylphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.101 g, 4.39 x10-4 mol), 4-formylphenol 
(0.059 g, 4.83 x 10-4 mol), DCC (0.110 g, 5.23 x 10-4 mol), DMAP (2.1 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
the general method. Workup gave recovered ferrocenecarboxylic acid (0.001 g, 
4.22 x 10-6 mol) and 4-formylphenyl ferrocenecarboxylate as red-orange 
crystals (0.111 g, 96 %, w.r.t. conversion 97 %), mp. 112–113 °C; δH (CDCl3) 
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10.04 (1H, s, CHO), 7.99 (2H, d, J 8.2, ArH), 7.40 (2H, d, J 8.2, ArH), 4.99 (2H, 
t, J 1.8, C5H4), 4.56 (2H, t, J 1.8, C5H4), 4.33 (5H, s, C5H5); δC(CDCl3) 191.5, 
170.2, 156.1, 134.2, 131.7, 122.9, 72.7, 71.1, 70.5, 69.7; νmax(KBr)/cm-1 3326, 
2928, 2851, 2118, 1740, 1716, 1691, 1626, 1599, 1586, 1503, 1452, 1375, 
1270, 1210, 1162, 1100, 1060, 1014, 911, 858, 829, 776, 642, 537, 514; m/z 
334 (M+, 89), 242 (24), 240 (21), 224 (9), 213 (100), 185 (47), 167 (6), 143 (7), 
129 (41), 121 (21), 99 (9), 56 (8). (Found: M+, 334.03017. C18H14FeO3 requires 
M+, 334.02923). 
6.4.1.10 3-Methoxyphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43 x10-4 mol), 3-
methoxyphenol (0.067 g, 5.40 x 10-4 mol), DCC (0.110 g, 5.23 x 10-4 mol), 
DMAP (2.1 x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as 
described under the general method. Workup gave recovered 
ferrocenecarboxylic acid (0.002 g, 8.69 x 10-6 mol) and 3-methoxyphenyl 
ferrocenecarboxylate as orange crystals (0.142 g, 95 %, w.r.t. conversion 97 
%), mp. 74 °C; δH(CDCl3) 7.34 (1H, s, ArH), 6.80 (3H, m, ArH), 4.98 (2H, t, J 
1.8, C5H4), 4.52 (2H, t, J 1.8, C5H4), 4.33 (5H, s, C5H5), 3.85 (3H, s, OCH3); 
δC(CDCl3) 170.6, 160.9, 152.3, 130.2, 114.4, 111.7, 108.3, 72.3, 71.0, 70.5, 
70.4, 70.3, 55.9; νmax(KBr)/cm-1 3067, 3003, 2940, 2838, 1930, 1872, 1729, 
1605, 1589, 1542, 1490, 1466, 1446, 1408, 1376, 1350, 1315, 1270, 1186, 
1156, 1141, 1103, 1054, 1027, 993, 935, 910, 886, 770, 687, 606, 555; m/z 336 
(M+, 81), 244 (23), 213 (100), 185 (43), 129 (34), 121 (34), 56 (9). (Found: M+, 
336.04593.  C18H16FeO3 requires M+, 336.04488). 
6.4.1.11 Phenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.100 g, 4.35 x10-4 mol), phenol (0.040 g, 
4.23 x 10-4 mol), DCC (0.105 g, 4.99 x 10-4 mol), DMAP (2.1 x 10-4 mol) and 
[bmim][BF4] (6 cm3). The reaction was performed as described under the 
general method. Workup gave recovered ferrocenecarboxylic acid (0.004 g, 
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1.74 x 10-5 mol) and phenyl ferrocenecarboxylate as orange crystals (0.111 g, 
85%, w.r.t. conversion 89%), mp. 119 – 120 °C (lit11 124–124.5 °C); δH(CDCl3) 
7.45 (2H, t, J 7.6, ArH), 7.30 (1H, s, ArH), 7.20 (2H, d, J 7.6, ArH), 5.01 (2H, t, J 
1.8, C5H4), 4.54 (2H, t, J 1.8, C5H4), 4.35 (5H, s, C5H5); νmax(KBr)/cm-1 3113, 
2920, 2119, 1727, 1505, 1449, 1410, 1373, 1270, 1192, 1161, 1101, 1027, 911, 
860, 830, 784, 761, 696, 547, 506; m/z 306 (M+, 98), 214 (52), 213 (100), 185 
(48), 129 (41), 121 (42), 94 (6), 56 (15). (Found: M+, 306.03313, C17H14FeO2 
requires M+, 306.03432). 
6.4.1.12 Phenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.103 g, 4.48 x10-3 mol), phenol (0.044 g, 
4.67 x 10-4 mol), DCC (0.109 g, 5.18 x 10-4 mol), DMAP (0.026 g, 2.13 x 10-4 
mol) and [bmim][PF6] (6 cm3). The reaction was performed as described under 
the general method. Workup gave recovered ferrocenecarboxylic acid (0.007 g, 
3.04 x 10-5 mol) and phenyl ferrocenecarboxylate (0.125 g, 91 %, w.r.t. 
conversion 98 %). Characterization is provided in 6.4.1.11. 
6.4.1.13 4-Nitrophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43 x10-4 mol), 4-nitrophenol 
(0.051 g, 4.14 x 10-4 mol), DCC (0.110 g, 5.23 x 10-4 mol), DMAP (2.1 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
the general method. Workup gave recovered ferrocenecarboxylic acid (0.005 g, 
2.17 x 10-4 mol) and 4-nitrophenyl ferrocenecarboxylate as orange crystals 
(0.120 g, 83 %, w.r.t. conversion 87 %), mp. 138–139 °C; δH(CDCl3) 8.35 (2H, 
d, J 8.6, ArH), 7.40 (2H, d, J 8.6, ArH), 5.00 (2H, t, J 1.8, C5H4), 4.59 (2H, t, J 
1.8, C5H4), 4.34 (5H, s, C5H5); δC(CDCl3) 170.0, 156.2, 145.5, 125.7, 122.9, 
73.0, 71.2, 70.5, 69.3; νmax(KBr)/cm-1 3100, 1737, 1612, 1591, 1516, 1487, 
1449, 1374, 1342, 1266, 1210, 1157, 1109, 1088, 1021, 912, 872, 826, 796, 
757, 684, 527; m/z 351 (M+, 61), 229 (8), 213 (100), 185 (60), 131 (13), 129 
(70), 92 (13), 69 (20). (Found: M+, 351.02049. C17H13FeNO4 requires M+, 
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351.01940). 
6.4.1.14 4-Nitrophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43 x10-3 mol), 4-nitrophenol 
(0.054 g, 3.88 x 10-4 mol), DCC (0.107 g, 5.09 x 10-4 mol), DMAP (0.027 g, 2.21 
x 10-4 mol) and [bmim][PF6] (6 cm3). The reaction was performed as described 
under the general method. Workup gave recovered ferrocenecarboxylic acid 
(0.005 g, 2.17 x 10-5 mol) and 4-nitrophenyl ferrocenecarboxylate (0.113 g, 
83%, w.r.t. conversion 88%). Characterization is provided in 6.4.1.13. 
6.4.1.15 2-Chlorophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.100 g, 4.35 x10-4 mol), 2-chlorophenol 
(0.067 g, 5.21 x 10-4 mol), DCC (0.115 g, 5.47 x 10-4 mol), DMAP (2.1 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
the general method. Workup gave recovered ferrocenecarboxylic acid (0.004 g, 
1.74 x 10-4 mol) and 2-chlorophenyl ferrocenecarboxylate as orange crystals 
(0.136 g, 92 %, w.r.t. conversion 96 %), mp. 87 °C; δH(CDCl3) 7.51 (1H, d, J 
7.5, ArH), 7.33 (1H, d, J 6.6, ArH), 7.28–7.23 (2H, m, ArH), 5.02 (2H, t, J 1.8, 
C5H4), 4.55 (2H, t, J 1.8, C5H4), 4.37 (5H, s, C5H5); δC(CDCl3) 169.9, 147.5, 
130.8, 128.1, 127.1, 124.5, 72.4, 71.2, 70.6, 70.1; νmax(KBr)/cm-1 3091, 2926, 
2118, 1737, 1584, 1477, 1454, 1411, 1374, 1352, 1273, 1257, 1218, 1127, 
1093, 1062, 1026, 1014, 910, 684, 596, 541, 516, 498; m/z 340 (M+, 100 %), 
250 (7), 213 (100), 212 (43), 185 (35), 156 (8), 129 (23), 92 (9), 56(8). (Found: 
M+, 339.99519. C17H13ClFeO2 requires M+, 339.99535). 
6.4.1.16 2-Chlorophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.103 g, 4.48 x10-3 mol), 2-chlorophenol 
(0.058 g, 4.51 x 10-4 mol), DCC (0.110 g, 5.23 x 10-4 mol), DMAP (0.026 g, 2.13 
x 10-4 mol) and [bmim][PF6] (6 cm3). The reaction was performed as described 
under the general method. Workup gave recovered ferrocenecarboxylic acid 
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(0.004 g, 1.17 x 10-4 mol) and 2-chlorophenyl ferrocenecarboxylate (0.124 g, 81 
%, w.r.t. conversion 83 %). Characterization is provided in 6.4.1.15. 
6.4.1.17 4-Methylphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.101 g, 4.39 x10-4 mol), 4-methylphenol 
(0.045 g, 5.40 x 10-4 mol), DCC (0.112 g, 5.33 x 10-4 mol), DMAP (2.1 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
the general method. Workup gave recovered ferrocenecarboxylic acid (0.004 g, 
1.74 x 10-6 mol) and 4-methylphenyl ferrocenecarboxylate as orange crystals 
(0.125 g, 89 %, w.r.t. conversion 93 %), mp. 107-108 °C; δH (CDCl3) 7.24 (2H, 
d, J 8.1, ArH), 7.08 (2H, d, J 8.2, ArH), 4.98 (2H, t, J 1.8, C5H4), 4.51 (2H, t, J 
1.8, C5H4), 4.30 (5H, s, C5H5), 2.39 (3H, s, CH3); δC(CDCl3) 170.9, 149.1, 135.6, 
130.3, 121.8, 72.7, 71.4, 70.7, 21.3; νmax (KBr)/cm-1 3113, 2920, 2119, 1727, 
1505, 1449, 1410, 1373, 1270, 1192, 1161, 1101, 1027, 911, 860, 830, 784, 
761, 696, 547, 506; m/z 320 (M+, 95), 228 (32), 213 (100), 185 (44), 121 (22), 
56 (7). (Found: M+, 320.05070. C18H16FeO2 requires M+, 320.04997). 
6.4.1.18 4-Methylphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.103 g, 4.48 x10-3 mol), 4-methylphenol 
(0.054 g, 4.99 x 10-4 mol), DCC (0.115 g, 5.47 x 10-4 mol), DMAP (0.027 g, 2.21 
x 10-4 mol) and [bmim][PF6] (6 cm3). The reaction was performed as described 
under the general method. Workup gave recovered ferrocenecarboxylic acid 
(0.002 g, 8.96 x 10-6 mol) and 4-methylphenyl ferrocenecarboxylate (0.119 g, 
83%, w.r.t. conversion 85%). Characterization is provided in 6.4.1.17. 
6.4.2 RECYCLING EXPERIMENTS: REACTION OF FERROCENECARBOXYLIC ACID 
WITH 4-METHOXYPHENOL IN [BMIM][BF4] 
General method 2. To degassed [bmim][BF4] (6 cm3) contained in a 25 cm3 
round-bottomed flask was added ferrocenecarboxylic acid (4.4 x 10-4 mol), 4-
methoxyphenol (4.4 x10-4 mol), dicyclohexylcarbodiimide (DCC) (5.3 x 10-4 mol) 
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and N,N-dimethylaminopyridine (DMAP) (2.1 x 10-4 mol). Dry nitrogen was 
blown over the reaction mixture and the flask sealed. The reaction mixture was 
stirred at room temperature for 24h, whereupon it was extracted with diethyl 
ether (9 x 5 cm3). The ethereal extract was washed with water (3 x 30 cm3) and 
dried over anhydrous sodium sulphate overnight. The ether was removed in 
vacuo. The residue was passed through a short silica gel column, and the ester 
product was eluted with dichloromethane. A hexane-ether (1:5) solvent system 
was also successfully employed to elute the ester products. The recovered ionic 
liquid was degassed as described earlier after removing the residual ether 
under reduced pressure, and reused without removing the N,N’-
dicyclohexylurea. The recycling experiments were repeated as above.  
6.4.2.1 Run 1: 4-Methoxyphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43 x10-4 mol), 4-
methoxyphenol (0.052 g, 4.35 x 10-4 mol), DCC (0.114 g, 5.42 x 10-4 mol), 
DMAP (2.1 x 10-4 mol) and [bmim][BF4] (6 cm3). Workup gave recovered 
ferrocenecarboxylic acid (0.003 g, 1.3 x 10-3 mol) and 4-methoxyphenyl 
ferrocenecarboxylate (0.125 g, 86 %, w.r.t. conversion 88 %). Characterization 
is provided in 6.4.1.1. 
6.4.2.2 Run 2: 4-Methoxyphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.104 g, 4.52. x10-4 mol), 4-
methoxyphenol (0.054 g, 4.34 x 10-4 mol), DCC (0.110 g, 5.23 x 10-4 mol), 
DMAP (2.1 x 10-4 mol) and [bmim][BF4] (recycled material). Workup gave 
recovered ferrocenecarboxylic acid (0.004 g, 1.74 x 10-3 mol) and 4-
methoxyphenyl ferrocenecarboxylate (0.129 g, 85 %, w.r.t. conversion 92 %). 
Characterization is provided in 6.4.1.1. 
6.4.2.3 Run 3: 4-Methoxyphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43. x10-4 mol), 4-
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methoxyphenol (0.051 g, 4.11 x 10-4 mol), DCC (0.114 g, 5.42 x 10-4 mol), 
DMAP (2.1 x 10-4 mol) and [bmim][BF4] (recycled material). Workup gave 
recovered ferrocenecarboxylic acid (0.004 g, 1.74 x 10-3 mol) and 4-
methoxyphenyl ferrocenecarboxylate (0.127 g, 85 %, w.r.t. conversion 96 %). 
Characterization is provided in 6.4.1.1. 
6.4.2.4 Run 4: 4-Methoxyphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.103 g, 4.39. x10-4 mol), 4-
methoxyphenol (0.053 g, 4.27 x 10-4 mol), DCC (0.112 g, 5.33 x 10-4 mol), 
DMAP (2.1 x 10-4 mol) and [bmim][BF4] (recycled material). Workup gave 
recovered ferrocenecarboxylic acid (0.004 g, 1.74 x 10-3 mol) and 4-
methoxyphenyl ferrocenecarboxylate (0.123 g, 86 %, w.r.t. conversion 89 %). 
Characterization is provided in 6.4.1.1. 
6.4.2.5 Run 5: 4-Methoxyphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.103 g, 4.48. x10-4 mol), 4-
methoxyphenol (0.053 g, 4.27 x 10-4 mol), DCC (0.108 g, 5.14 x 10-4 mol), 
DMAP (2.1 x 10-4 mol) and [bmim][BF4] (recycled material). Workup gave 
recovered ferrocenecarboxylic acid (0.003 g, 1.30 x 10-3 mol) and 4-
methoxyphenyl ferrocenecarboxylate (0.121 g, 84 %, w.r.t. conversion 87 %). 
Characterization is provided in 6.4.1.1. 
6.4.3 ATTEMPTED ESTERIFICATION OF FERROCENECARBOXYLIC ACID AND 4-
METHOXYPHENOL WITHOUT DCC 
To degassed [bmim][BF4] (6 cm3) contained in a 25 cm3 round-bottomed flask 
was added ferrocenecarboxylic acid (0.101 g, 4.39 x 10-4 mol), 4-
methoxyphenol (0.043 g, 3.98 x10-4 mol) and DMAP (0.028 g, 2.29 x 10-4 mol). 
Dry nitrogen was blown over the reaction mixture and the flask stoppered. The 
reaction mixture was stirred at room temperature for 24 h, whereupon a small 
aliquot was extracted and subjected to TLC. No ester was detected by TLC. 
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6.4.4 ESTERIFICATION REACTIONS OF BENZOIC ACIDS IN [BMIM][BF4] AND 
[BMIM][PF6] 
General method 4. To [bmim][BF4] (6cm3) or [bmim][PF6] (6 cm3) in a 25cm3 
round-bottomed flask was added the substituted benzoic acid (4.4 x 10-4), the 
substituted phenol (4.4 x 10-4 mol), DCC (5.3 x 10-4 mol) and DMAP (2.1 x 10-4 
mol). Nitrogen was blown over the reaction and the flask was sealed. The 
reaction mixture was stirred at room temperature for 24 h, whereupon the 
solution was extracted with diethyl ether (9 x 5 cm3). The ethereal extract was 
washed with water (3 x 30 cm3) and dried over anhydrous sodium sulfate 
overnight. The ether was removed in vacuo. The residue was passed through a 
short silica gel column and elution with a hexane-ether mix (1:5) provided the 
ester product. Overall yields of the ester products are quoted with respect to the 
substituted benzoic acid. 
6.4.4.1 4-Methoxyphenyl benzoate 
Quantities: Benzoic acid (0.053 g, 4.34 x10-4 mol), 4-methoxyphenol (0.054 g, 
4.34 x 10-4 mol), DCC (0.110 g, 5.23 x 10-4 mol), DMAP (0.027 g, 2.21 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
the general method. Workup gave recovered benzoic acid (0.005 g, 4.09 x 10-5 
mol) and 4-methoxyphenyl benzoate as white crystals (0.078 g, 79 %, w.r.t. 
conversion 87 %), mp. 88–89 °C; δH(CDCl3) 8.22 (2H, d, J 7.3, ArH), 7.66 (1H, 
t, J 7.3, ArH), 7.53 (2H, d, J 7.6, ArH), 7.16 (2H, d, J 9.0, ArH), 6.9 (2H, d, J 9.0, 
ArH), 3.85 (3H, s, OCH3); δC(CDCl3) 166.0, 157.7, 144.8, 134.0, 130.5, 130.1, 
128.9, 122.8, 114.9, 56.0; νmax(KBr)/cm-1 2917, 2113, 1726, 1591, 1497, 1444, 
1246, 1183, 1058, 1027, 870, 786, 682, 515; m/z 228 (M+, 23), 123 (3), 105 
(100), 77 (32), 51 (6). (Found: M+, 228.07919.  C14H12O3 requires M+, 
228.07864). 
6.4.4.2 4-Methoxyphenyl benzoate 
Quantities: Benzoic acid (0.055 g, 4.50 x10-4 mol), 4-methoxyphenol (0.056 g, 
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4.51 x 10-4 mol), DCC (0.111 g, 5.28 x 10-4 mol), DMAP (0.028 g, 2.29 x 10-4 
mol) and [bmim][PF6] (6 cm3). The reaction was performed as described under 
the general method. Workup gave 4-methoxyphenyl benzoate (0.053 g, 52%). 
Characterization is provided in 6.4.4.1. 
6.4.4.3 3-Methoxyphenyl benzoate 
Quantities: Benzoic acid (0.051 g, 4.18 x10-4 mol), 3-methoxyphenol (0.052 g, 
4.12 x 10-4 mol), DCC (0.115 g, 5.47 x 10-4 mol), DMAP (0.028 g, 2.29 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
the general method. Workup gave recovered benzoic acid (0.007 g, 5.73 x 10-5 
mol) and 3-methoxyphenyl benzoate as a colourless oil (0.052 g, 55%, w.r.t. 
conversion 63 %); δH (CDCl3) 8.23 (2H, d, J 7.2, ArH), 7.67 (1H, t, J 7.2, ArH), 
7.34 (2H, d, J 7.6, ArH), 7.35 (1H, t, J 8.1, ArH), 6.9-6.8 (3H, m, ArH), 3.85 (3H, 
s, OCH3); δC(CDCl3) 165.5, 161.0, 152.3, 134.0, 130.6, 130.3, 130.0, 129.0, 
114.3, 112.3, 108.1, 55.9; νmax(KBr)/cm-1 2917, 1727, 1523, 1450, 1413, 1382, 
1277, 1225, 1157, 1100, 1032, 1001, 886, 823, 640, 598, 510, 589; m/z 228 
(M+, 40), 105 (100), 95 (4), 77 (67), 51 (21). (Found: M+, 228.07951. C14H12O3 
requires M+, 228.07864). 
6.4.4.4 3-Methoxyphenyl benzoate 
Quantities: Benzoic acid (0.054 g, 4.42 x10-4 mol), 3-methoxyphenol (0.055 g, 
4.53 x 10-4 mol), DCC (0.105 g, 4.99 x 10-4 mol), DMAP (0.028 g, 2.29 x 10-4 
mol) and [bmim][PF6] (6 cm3). The reaction was performed as described under 
the general method. Workup gave 3-methoxyphenyl benzoate (0.050 g, 49%). 
Characterization is provided in 6.4.4.3. 
6.4.4.5 4-Methylphenyl benzoate 
Quantities: Benzoic acid (0.052 g, 4.23 x10-4 mol), 4-methylphenol (0.045 g, 
4.16 x 10-4 mol), DCC (0.109 g, 5.18 x 10-4 mol), DMAP (0.029 g, 2.37 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
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the general method. Workup gave recovered benzoic acid (0.009 g, 7.73 x 10-5 
mol) and 4-methylphenyl benzoate as white crystals (0.059 g, 67 %, w.r.t. 
conversion 79 %), mp. 70 °C (lit.12 71–71.5 °C); δH(CDCl3) 8.23 (2H, d, J 8.1, 
ArH), 7.65 (1H, t, J 6.6, ArH), 7.53  (2H, t, J 7.6, ArH), 7.25 (2H, d, J 8.3, ArH), 
7.12 (2H, d, J 8.3, ArH), 2.40 (3H, s, CH3); δC(CDCl3) 165.8, 149.1, 135.9, 
133.9, 130.6, 130.4, 130.1, 129.9, 121.8, 21.3; νmax (KBr)/cm-1 2917, 1726, 
1580, 1517, 1444, 1267, 1194, 1152, 1048, 1006, 860, 807, 703, 504; m/z 212 
(M+, 11), 105 (100), 77 (37), 51 (8). (Found: M+, 212.08342. C14H12O2 requires 
M+, 212.08373). 
6.4.4.6 4-Methylphenyl benzoate 
Quantities: Benzoic acid (0.053 g, 4.33 x10-4 mol), 4-methylphenol (0.058 g, 
5.36 x 10-4 mol), DCC (0.119 g, 5.67 x 10-4 mol), DMAP (0.030 g, 2.46 x 10-4 
mol) and [bmim][PF6] (6 cm3). The reaction was performed as described under 
the general method. Workup gave 4-methyl phenylbenzoate (0.047 g, 51 %). 
Characterization is provided in 6.4.4.5. 
6.4.4.7 Phenyl benzoate 
Quantities: Benzoic acid (0.056 g, 4.58 x10-4 mol), phenol (0.044 g, 4.67 x 10-4 
mol), DCC (0.120 g, 5.71 x 10-4 mol), DMAP (0.025 g, 2.05 x 10-4 mol) and 
[bmim][BF4] (6 cm3). The reaction was performed as described under the 
general method. Workup gave recovered benzoic acid (0.005 g, 4.09 x 10-5 mol) 
and phenyl benzoate as white crystals (0.085 g, 92 %, w.r.t. conversion 99 %), 
mp. 69 °C (lit13 70 °C); δH(CDCl3) 8.24 (2H, d, J 7.1, ArH), 7.69 (1H, t, J 6.1, 
ArH), 7.54 (2H, t, J 7.6, ArH), 7.47 (2H, t, 7.7, ArH), 7.33-7.24 (3H, m, ArH); 
δC(CDCl3) 165.6, 151.3, 134.0, 130.6, 130.0, 129.9, 129.0, 126.3, 122.1; 
νmax(KBr)/cm-1 3056, 2962, 1726, 1585, 1491, 1444, 1262, 1194, 1068, 1021, 
917, 854, 802, 745, 692, 572, 494; m/z 198 (M+, 8), 105 (100), 94 (1), 77 (34), 
65 (3), 51 (8). (Found: M+, 198.06862.  C13H10O2 requires M+, 198.06808). 
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6.4.4.8 Phenyl benzoate 
Quantities: Benzoic acid (0.055 g, 4.50 x10-4 mol), phenol (0.040 g, 4.24 x 10-4 
mol), DCC (0.113 g, 5.37 x 10-4 mol), DMAP (0.026 g, 2.13 x 10-4 mol) and 
[bmim][PF6] (6 cm3). The reaction was performed as described under the 
general method. Workup gave phenyl benzoate (0.071 g, 69 %). 
Characterization is provided in 6.4.1.7. 
6.4.4.9 4-Nitrophenyl benzoate 
Quantities: Benzoic acid (0.051 g, 4.09 x10-4 mol), 4-nitrophenol (0.052 g, 3.74 
x 10-4 mol), DCC (0.114 g, 5.42 x 10-4 mol), DMAP (0.028 g, 2.29 x 10-4 mol) 
and [bmim][BF4] (6 cm3). The reaction was performed as described under the 
general method. Workup gave recovered benzoic acid (0.005 g, 4.09 x 10-5 mol) 
and 4-nitrophenyl benzoate as yellow crystals (0.069 g, 76 %, w.r.t. conversion 
77%), mp. 141–142 °C (lit14 142 °C); δH(CDCl3) 8.35 (2H, d, J 8.9, ArH), 8.23 
(2H, d, J 7.9, ArH), 7.71 (1H, t, J 7.4, ArH), 7.56 (2H, t, J 7.7, ArH), 7.45 (2H, d, 
J 8.9, ArH); δC(CDCl3) 164.7, 156.1, 145.8, 134.7, 130.7, 129.2, 128.9, 125.7, 
123.1; νmax(KBr)/cm-1 3115, 2927, 2844, 1925, 1726, 1591, 1508, 1340, 1267, 
1204, 1048, 891, 692, 494; m/z 243 (M+, 0.2), 105 (100), 77 (34), 51 (2). 
(Found: M+, 243.05239.  C13H9NO4 requires M+, 243.05316). 
6.4.4.10 4-Nitrophenyl benzoate 
Quantities: Benzoic acid (0.055 g, 4.50 x10-4 mol), 4-nitrophenol (0.056 g, 4.25 
x 10-4 mol), DCC (0.111 g, 5.28 x 10-4 mol), DMAP (0.028 g, 2.29 x 10-4 mol) 
and [bmim][PF6] (6 cm3). The reaction was performed as described under the 
general method. Workup gave 4-nitrophenyl benzoate (0.061 g, 73 %). 
Characterization is provided in 6.4.4.9. 
6.4.4.11 4-Methoxyphenyl 2-methylbenzoate 
Quantities: 2-methylbenzoic acid (0.059 g, 4.33 x10-4 mol), 4-methoxyphenol 
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(0.054 g, 4.35 x 10-4 mol), DCC (0.108 g, 5.13 x 10-4 mol), DMAP (0.027 g, 2.21 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under the general method. Workup gave 4-methoxyphenyl 2-methylbenzoate as 
off-white crystals (0.089 g, 85 %), mp. 59 – 61 ºC. δH(CDCl3) 8.17 (1H, m, ArH), 
7.50 (1H, m, ArH), 7.33 (2H, m, ArH), 7.15 (2H, d, J 9.1, ArH), 6.96 (2H, d, J 
9.1, ArH), 3.85 (3H, s, OCH3) , 2.69 (3H, s, CH3); δC(CDCl3) 166.7, 157.7, 
144.8, 141.6, 133.0, 132.3, 131.5, 129.1, 126.3, 123.0, 115.0, 56.0, 22.3; 
νmax(KBr)/cm-1 2999, 2964, 2836, 2119, 1735, 1603, 1574, 1505, 1456, 1438, 
1380, 1296, 1244, 1193,  1134, 1101, 1042, 935, 872, 793, 744, 690, 663, 551, 
523; m/z 242 (M,+ 18),  123 (5), 120 (12), 119 (100), 91 (41), 65 (14), 63 (5), 39 
(5); (Found: M,+ 242.0747. C15H14O3 requires M,+ 242.0943). 
6.4.4.12 4-Methoxyphenyl 4-(tert-butyl)benzoate 
Quantities: 4- tert-butylbenzoic acid (0.079 g, 4.43 x10-4 mol), 4-methoxyphenol 
(0.055 g, 4.43 x 10-4 mol), DCC (0.112 g, 5.33 x 10-4 mol), DMAP (0.030 g, 2.45 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under the general method. Workup gave 4-methoxyphenyl 4-(tert-
butyl)benzoate as yellow crystals (0.104 g, 83 %), mp. 128-130 ºC. δH(CDCl3) 
8.15 (2H, d, J 8.6, ArH), 7.54 (2H, d, J 8.6, ArH), 7.14 (2H, d, J 9.1, ArH), 6.96 
(2H, d, J 9.1, ArH), 3.85 (3H, s, OCH3) , 1.39 (9H, s, 3 x CH3); δC(CDCl3) 166.0, 
157.7, 157.6, 144.9, 130.4, 127.2, 125.9, 122.9, 114.9, 56.0, 35.6, 31.5; 
νmax(KBr)/cm-1 3072, 3004, 2939, 2136, 1728, 1605, 1502, 1460, 1409, 1369, 
1244, 1154, 1107, 1014; m/z 284 (M,+ 12), 162 (12), 161 (100), 146 (6), 118 (9). 
(Found: M,+ 284.1274. C18H20O3 requires M,+ 284.1412). 
6.4.4.13 4-Methoxyphenyl 4-nitrobenzoate 
Quantities: 4-nitrobenzoic acid (0.073 g, 4.37 x10-4 mol), 4-methoxyphenol 
(0.056 g, 4.51 x 10-4 mol), DCC (0.111 g, 5.27 x 10-4 mol), DMAP (0.026 g, 2.13 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under the general method. Workup gave 4-methoxyphenyl 4-nitrobenzoate as 
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cream-coloured crystals (0.100 g, 83 %), 110–113 °C; δH(CDCl3) 8.39 (4H, s, 
ArH), 7.17 (2H, d, J 6.8, ArH), 6.98 (2H, d, J 6.8, ArH), 3.86 (3H, s, OCH3); 
δC(CDCl3) 164.1, 158.1, 151.3, 144.4, 135.5, 131.7, 124.1, 122.6, 115.1, 56.1; 
νmax(KBr)/cm-1 3080, 2929, 2853, 2119, 1752, 1720, 1663, 1629, 1598, 1528, 
1507, 1459, 1354, 1301, 1269, 1240, 1192, 1128, 1097, 1039, 899, 854, 816, 
774, 740, 664; m/z 273 (M,+ 30), 151 (8), 150 (100), 123 (17), 120 (6), 104 (39), 
95 (10), 92 (16), 76 (32), 75 (10), 64 (6), 63 (6), 52 (7), 50 (15), 41 (9). (Found: 
M,+ 273.0638. C14H11NO5 requires M,+ 273.0637). 
6.4.4.14 4-Methoxyphenyl 4-chlorobenzoate 
Quantities: 4-chlorobenzoic acid (0.070 g, 4.47 x10-4 mol), 4-methoxyphenol 
(0.054 g, 4.35 x 10-4 mol), DCC (0.108 g, 5.13 x 10-4 mol), DMAP (0.026 g, 2.13 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under the general method. Workup gave 4-methoxyphenyl 4-chlorobenzoate as 
cream-coloured crystals (0.092 g, 80 %), mp. 84–86 ºC. δH(CDCl3) 8.15 (2H, d, 
J 8.7, ArH), 7.51 (2H, d, J 8.7, ArH), 7.14 (2H, d, J 9.1, ArH), 6.96 (2H, d, J 9.1, 
ArH), 3.85 (3H, s, OCH3); δC(CDCl3) 165.1, 157.8, 144.6, 140.4, 131.9, 129.3, 
128.5, 122.8, 115.0, 56.2; νmax(KBr)/cm-1 3100, 3012, 2930, 2835, 2114, 1730, 
1646, 1607, 1590, 1510, 1462, 1398, 1280, 1200, 1174, 1100, 939, 874, 852, 
816, 752, 720, 682, 636; m/z 262 (M,+ 22), 141 (32), 140 (8), 139 (100), 113 (6), 
111 (20), 75 (8). (Found: M,+ 262.0182. C14H10ClO3 requires M,+ 262.0397). 
6.4.4.15 4-Methoxyphenyl 4-nitro-2-chlorobenzoate 
Quantities: 4-nitro-2-chlorobenzoic acid (0.089 g, 4.42 x10-4 mol), 4-
methoxyphenol (0.054 g, 4.35 x 10-4 mol), DCC (0.115 g, 5.46 x 10-4 mol), 
DMAP (0.026 g, 2.13 x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was 
performed as described under the general method. Workup gave 4-
methoxyphenyl 4-nitro-2-chlorobenzoate as yellow crystals (0.076 g, 57 %), mp. 
86–89 ºC. δH(CDCl3) 8.41 (1H, s, ArH), 8.36 (1H, d, J 8.6 ArH), 8.18 (1H, d, J 
8.6, ArH), 7.20 (2H, d, J 9.1, ArH), 6.98 (2H, d, J 9.1, ArH), 3.86 (3H, s, OCH3); 
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δC(CDCl3) 163.5, 158.2, 150.1, 144.1, 135.8, 132.8, 126.6, 122.5, 122.0, 115.1, 
56.2; νmax(KBr)/cm-1 3111, 2964, 2854, 2120, 1739, 1606, 1526, 1509, 1464, 
1441, 1347, 1321, 1264, 1246, 1195, 1080, 1024, 934, 872, 853, 817, 756, 711; 
m/z 307 (M,+ 36), 186 (33), 185 (8), 184 (100), 140 (7), 138 (23), 126 (8), 123 
(17), 110 (10), 95 (9), 75 (12), 74 (5), 41 (8). (Found: M,+ 307.0050. 
C14H10ClNO5 requires M,+ 307.0248). 
6.4.4.16 4-Methoxyphenyl 4-fluorobenzoate 
Quantities: 4-fluorobenzoic acid (0.062 g, 4.43 x10-4 mol), 4-methoxyphenol 
(0.055 g, 4.43 x 10-4 mol), DCC (0.113 g, 5.37 x 10-4 mol), DMAP (0.027 g, 2.21 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under the general method. Workup gave 4-methoxyphenyl 4-fluorobenzoate as 
white crystals (0.089 g, 82 %), mp. 85–87 ºC. δH(CDCl3) 8.26 – 8.21 (2H, m 
ArH), 7.23 – 7.13 (4H, m, ArH), 6.97 (2H, d, J 9.1, ArH), 3.85 (3H, s, OCH3); 
δC(CDCl3) 168.2, 165.0, 157.8, 144.7, 133.2, 126.3, 122.8, 116.3, 115.0, 56.0; 
νmax(KBr)/cm-1 3067, 2967, 2837, 2120, 1731, 1606, 1511, 1468, 1413, 1282, 
1248, 1205, 1154, 1098, 1080, 1031, 934, 874, 853, 823, 800, 760, 684, 614; 
m/z 246 (M,+ 46), 124 (9), 123 (100), 95 (31), 75 (7). (Found: M,+ 246.0797. 
C14H11FO3 requires M,+ 246.0692). 
6.4.4.17 4-Methoxyphenyl 4-(trifluoromethyl)benzoate 
Quantities: 4-(trifluoromethyl)benzoic acid (0.083 g, 4.37 x10-4 mol), 4-
methoxyphenol (0.056 g, 4.51 x 10-4 mol), DCC (0.120 g, 5.71 x 10-4 mol), 
DMAP (0.026 g, 2.13 x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was 
performed as described under the general method. Workup gave 4-
methoxyphenyl-4’-(trifluoromethyl)benzoate as white crystals (0.096 g, 74 %), 
mp. 107-108 ºC. δH(CDCl3) 8.33 (2H, d, J 8.3, ArH), 7.80 (2H, d, J 8.3, ArH), 
7.17 (2H, d, J 8.9, ArH), 6.98 (2H, d, J 8.9, ArH), 3.85 (3H, s, OCH3); δC(CDCl3) 
164.8, 157.9, 144.5, 135.5, 133.3, 130.9, 126.1, 122.7, 115.0, 56.0; 
νmax(KBr)/cm-1 3108, 2974, 2848, 1957, 1732, 1609, 1505, 1461, 1445, 1411, 
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1378, 1326, 1291, 1256, 1174, 1127, 1090, 1065, 1031, 930, 872, 821, 772, 
700, 636, 593, 529; m/z 296 (M,+ 24), 174 (7), 173 (100), 145 (33), 123 (6), 95 
(9). (Found: M,+ 296.0921. C15H11F3O3 requires M,+ 296.0660). 
6.4.4.18 4-Methoxyphenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.066 g, 4.34 x10-4 mol), 4-methoxyphenol 
(0.054 g, 4.35 x 10-4 mol), DCC (0.109 g, 5.18 x 10-4 mol), DMAP (0.029 g, 2.37 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under the general method. Workup gave 4-methoxyphenyl 4-methoxybenzoate 
as off-white crystals (0.099 g, 88%), mp. 118-119 ºC; δH(CDCl3) 8.17 (2H, d, J 
9.0, ArH), 7.14 (2H, d, J 9.1, ArH), 7.00 (2H, d, J 9.0, ArH), 6.95 (2H, d, J 9.1, 
ArH), 3.92 (3H, s, OCH3) , 3.84 (3H, s, OCH3); δC(CDCl3) 165.7, 164.2, 157.6, 
144.9, 132.6, 122.9, 122.4, 114.9, 114.2, 56.2, 55.9; νmax(KBr)/cm-1 3061, 2931, 
2120, 1724, 1606, 1513, 1463, 1440, 1320, 1276, 1250, 1197, 1167, 1106, 
1075, 1027, 964, 870, 842, 815, 790, 764, 690, 548; m/z 259 (M+ + 1, 10), 258 
(M+, 85), 136 (53), 135 (32), 124 (40), 123 (26), 110 (11), 109 (43), 108 (48), 
107 (38), 99 (7), 95 (13), 92 (100), 81 (19), 77 (52), 64 (22), 56 (12), 54 (15), 43 
(6), 41 (14), 39 (11), 28 (5), 26 (10). (Found: M+, 258.089209. C15H14O4 requires 
M+, 258.089209). 
6.4.4.19 4-Methylphenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.066 g, 4.34 x10-4 mol), 4-methylphenol 
(0.055 g, 5.09 x 10-4 mol), DCC (0.115 g, 5.46 x 10-4 mol), DMAP (0.029 g, 2.37 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under the general method. Workup gave 4-methylphenyl 4-methoxybenzoate as 
white crystals (0.089 g, 85 %), mp. 118–119 ºC; δH(CDCl3) 8.17 (2H, d, J 9.0, 
ArH), 7.14 (2H, d, J 9.1, ArH), 7.00 (2H, d, J 9.0, ArH), 6.95 (2H, d, J 9.1, ArH), 
3.92 (3H, s, OCH3) , 3.84 (3H, s, OCH3); δC(CDCl3) 165.7, 164.2, 157.6, 144.9, 
132.6, 122.9, 122.4, 114.9, 114.2, 56.2, 55.9; νmax(KBr)/cm-1 3061, 2931, 2120, 
1724, 1606, 1513, 1463, 1440, 1320, 1276, 1250, 1197, 1167, 1106, 1075, 
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1027, 964, 870, 842, 815, 790, 764, 690, 548; m/z 259 (M+ + 1, 10), 258 (M+, 
85), 136 (53), 135 (32), 124 (40), 123 (26), 110 (11), 109 (43), 108 (48), 107 
(38), 99 (7), 95 (13), 92 (100), 81 (19), 77 (52), 64 (22), 56 (12), 54 (15), 43 (6), 
41 (14), 39 (11), 28 (5), 26 (10). (Found: M+, 258.089209. C15H14O4 requires M+, 
258.089209). 
 
6.4.4.20 Phenyl4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.074 g, 4.86 x10-4 mol), phenol (0.044 g, 
4.67 x 10-4 mol), DCC (0.113 g, 5.37 x 10-4 mol), DMAP (0.027 g, 2.21 x 10-4 
mol) and [bmim][BF4] (6 cm3). The reaction was performed as described under 
general method 4. Workup gave phenyl 4-methoxybenzoate as white crystals 
(0.089 g, 82 %), mp. 72–73 °C; δH(CDCl3) 8.18 (2H, d, J 9.0, ArH), 7.44 (2H, t, J 
7.4, ArH), 7.28 – 7.21 (3H, m, ArH), 7.01 (2H, d, J 9.0, ArH), 3.92 (3H, s, 
OCH3); δC(CDCl3) 165.4, 164.3, 151.4, 132.7, 129.9, 126.1, 122.3, 122.2, 
114.2, 55.9; νmax(KBr)/cm-1 2967, 2930, 1726, 1608, 1511, 1486, 1451, 1439, 
1420, 1320, 1278, 1196, 1164, 1078, 1025, 921, 842, 764, 743, 692; m/z 228 
(M+, 19), 224 (14), 136 (10), 135 (100), 92 (14), 77 (13), 65 (13), 39 (6). (Found: 
M+, 228.078703. C14H12O3 requires 228.078644). 
6.4.4.21 4-Chlorophenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.073 g, 4.80 x10-4 mol), 4-chlorophenol 
(0.060 g, 4.67 x 10-4 mol), DCC (0.114 g, 5.42 x 10-4 mol), DMAP (0.029 g, 2.37 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under general method 4. Workup gave 4-chlorophenyl-4’-methoxybenzoate as 
yellow crystals (0.108 g, 88 %), mp. 72–75 ºC. δH(CDCl3) 8.16 (2H, d, J 9.0, 
ArH), 7.40 (2H, d, J 8.9, ArH), 7.17 (2H, d, J 8.9, ArH), 7.01 (2H, d, J 9.0, ArH), 
3.91 (3H, s, OCH3); δC(CDCl3) 164.5, 149.9, 132.7, 131.1, 124.0, 121.8, 117.2, 
114.3, 55.9; νmax(KBr)/cm-1 2928, 2118, 1728, 1680, 1610, 1584, 1516, 1489, 
1457, 1422, 1403, 1323, 1268, 1202, 1167, 1070, 1011, 867, 842, 761, 692; 
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m/z 264 (M++ 2, 9), 262 (M+, 33), 224 (7), 136 (95), 135 (100), 128 (11), 127 (7), 
108 (6), 107 (40), 99 (35), 92 (82), 79 (5), 77 (72), 73 (15), 65 (7), 63 (43), 56 
(11), 51 (70), 39 (9). (Found: M+, 262.039642. C14H11ClO3 requires 
262.039672). 
6.4.4.22 2-Chlorophenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.067 g, 4.40 x10-4 mol), 2-chlorophenol 
(0.057 g, 4.44 x 10-4 mol), DCC (0.113 g, 5.37 x 10-4 mol), DMAP (0.026 g, 2.13 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under general method 4. Workup gave 2-chlorophenyl 4-methoxybenzoate as 
white crystals (0.097 g, 84 %), mp. 72–73 ºC; δH(CDCl3) 8.21 (2H, d, J 8.9, 
ArH), 7.50 (1H, d, J 7.8, ArH), 7.33–7.27 (3H, m, ArH), 7.02 (2H, d, J 8.9, ArH), 
3.92 (3H, s, OCH3); δC(CDCl3) 164.5, 147.8, 132.9, 130.7, 129.5, 128.1, 127.6, 
127.3, 124.4, 121.6, 114.3, 56.0; νmax(KBr)/cm-1 2961, 2122, 1728, 1607, 1586, 
1512, 1479, 1448, 1424, 1269, 1226, 1175, 1078, 1021, 936, 874, 842, 759, 
690; m/z 264 (M+ + 2, 4), 262 (M+, 17), 136 (100), 135 (97), 127 (9), 108 (5), 
107 (52), 99 (58), 92 (95), 79 (60, 77 (87), 73 (23), 65 (6), 63 (61), 50 (15), 39 
(12). (Found: M+, 262.039599. C14H11ClO3 requires 262.039672). 
6.4.4.23 4-Nitrophenyl-4’-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.071 g, 4.67 x10-4 mol), 4-nitrophenol 
(0.065 g, 4.67 x 10-4 mol), DCC (0.107 g, 5.09 x 10-4 mol), DMAP (0.026 g, 2.13 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under general method 4. Workup gave 4-nitrophenyl 4-methoxybenzoate as 
white crystals (0.094 g, 74 %), mp. 164-165 ºC; δH(CDCl3) 8.34 (2H, d, J 9.2, 
ArH), 8.17 (2H, d, J 9.0, ArH), 7.43 (2H, d, J 9.2, ArH), 7.02 (2H, d, J 9.0, ArH), 
3.93 (3H, s, OCH3); δC(CDCl3) 164.8, 156.3, 145.7, 132.9, 129.5, 125.6, 123.1, 
121.1, 114.5, 56.0; νmax(KBr)/cm-1 3080, 2962, 1731, 1610, 1592, 1514, 1491, 
1424, 1355, 1325, 1266, 1212, 1167, 1066, 1014, 872, 850, 808, 760, 692; m/z 
274 (M+ + 1, 6), 273 (M+, 25), 136 (15), 135 (100), 107 (7), 92 (20), 77 (19), 64 
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(10). (Found: M+, 273.063806. C14H11NO5 requires 273.063723). 
6.4.4.24 4-(Tert-butyl)phenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.068 g, 4.47 x10-4 mol), 4-tert-butylphenol 
(0.067 g, 4.46 x 10-4 mol), DCC (0.111 g, 5.28 x 10-4 mol), DMAP (0.029 g, 2.37 
x 10-4 mol) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under general method 4. Workup gave 4-(tert-butyl)phenyl 4-methoxybenzoate 
as white crystals (0.090 g, 71 %), mp. 100-102 ºC; δH(CDCl3) 8.17 (2H, d, J 8.7, 
ArH), 7.45 (2H, d, J 8.6, ArH), 7.14 (2H, d, J 8.6, ArH), 7.01 (2H, d, J 8.7, ArH), 
3.92 (3H, s, OCH3), 1.36 (9H, s, 3 x CH3); δC(CDCl3) 164.2, 149.1, 132.7, 129.5, 
126.8, 122.4, 121.5, 115.1, 114.2, 55.9, 34.9, 31.8; νmax(KBr)/cm-1 3080, 2962, 
1732, 1603, 1580, 1514, 1464, 1424, 1365, 1256, 1209, 1172, 1108, 1074, 
1021, 789, 859, 809, 766, 695; m/z 285 (M+ + 1, 17), 284 (M+, 76), 149 (7), 137 
(7), 136 (70), 135 (100), 134 (11), 107 (29), 106 (11), 92 (44), 79 (9), 77 (53), 
64 (14), 55 (7), 41 (9), 39 (6). (Found: M+, 284.141298. C18H20O3 requires 
284.141245). 
6.4.5 SCALED-UP AND RECYCLING REACTIONS 
General method 5. To [bmim][BF4] (50 cm3) contained in a 100 cm3 round-
bottomed flask was added 4-methoxybenzoic acid (4.4 x 10-3 mol), 4-
methoxyphenol (4.4 x10-3 mol), dicyclohexylcarbodiimide (DCC) (5.3 x 10-3 mol) 
and N,N-dimethylaminopyridine (DMAP) (2.1 x 10-3 mol). Dry nitrogen was 
blown over the reaction mixture and the flask stoppered. The reaction mixture 
was stirred at room temperature for 24 h, whereupon it was extracted with 
diethyl ether (7 x 15 cm3). The ethereal extracts were combined and then 
washed with water (3 x 50 cm3) and dried over anhydrous sodium sulfate 
overnight. The ether was removed in vacuo. The residue was filtered on a short 
silica gel column, eluting with hexane-ether. The purity of the ester products did 
not necessitate further purification by TLC. Overall yields quoted are of isolated 
pure products. After ether extraction, residual ether was removed from the ionic 
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liquid in vacuo. Fresh reactants were then added to the ionic liquid to start a 
new reaction in the manner described above. This procedure was repeated for 
two further runs. At the end of the third run, and after extraction of the products 
from the ionic liquid, the ionic liquid was diluted with acetone (60 cm3) and the 
mixture filtered through a sintered funnel to remove accumulated 
dicyclohexylurea. Acetone was removed under reduced pressure and the ionic 
liquid was reused for a further three runs. At the end of the sixth run, and after 
extraction of the products, the ionic liquid was diluted with water (60 cm3) and 
the mixture extracted with diethyl ether (3 x 30 cm3) to remove remaining 
organic material. The aqueous phase was retained and the water was removed 
at 80 ºC under reduced pressure to yield recycled [bmim][BF4] (46 cm3). 
6.4.5.1 Run 1: 4-Methoxyphenyl-4’-methoxybenzoate  
Quantities: 4-methoxybenzoic acid (0.661 g, 4.34 x10-3 mol), 4-methoxyphenol 
(0.544 g, 4.38 x 10-3 mol), DCC (1.075 g, 5.18 x 10-3 mol) and DMAP (0.268 g, 
2.19 x 10-3 mol) and [bmim][BF4] (50 cm3). The reaction was performed as 
described under the general method. Workup gave 4-methoxyphenyl-4’-
methoxybenzoate as off-white crystals (0.954 g, 85%). Characterization is 
provided in 6.4.4.18. 
6.4.5.2 Run 2: 4-Methoxyphenyl-4’-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.660 g, 4.34 x10-3 mol), 4-methoxyphenol 
(0.546 g, 4.40 x 10-3 mol), DCC (1.086 g, 5.17 x 10-4 mol) and DMAP (0.265 g, 
2.17 x 10-3 mol). The reaction was performed as described under the general 
method. Workup gave 4-methoxyphenyl-4’-methoxybenzoate as off-white 
crystals (1.003 g, 89%). Characterization is provided in 6.4.4.18. 
6.4.5.3 Run 3: 4-Methoxyphenyl-4’-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.663 g, 4.36 x10-3 mol), 4-methoxyphenol 
(0.542 g, 4.37 x 10-3 mol), DCC (1.080 g, 5.14 x 10-3 mol) and DMAP (0.271 g, 
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2.22 x 10-3 mol). The reaction was performed as described under the general 
method. Workup gave 4-methoxyphenyl-4’-methoxybenzoate as off-white 
crystals (0.972 g, 86%). Characterization is provided in 6.4.4.18. 
6.4.5.4 Run 4: 4-Methoxyphenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.660 g, 4.34 x10-3 mol), 4-methoxyphenol 
(0.539 g, 4.34 x 10-3 mol), DCC (1.091 g, 5.19 x 10-3 mol) and DMAP (0.270 g, 
2.21 x 10-3 mol). The reaction was performed as described under the general 
method. Workup gave 4-methoxyphenyl-4’-methoxybenzoate as off-white 
crystals (0.962 g, 86 %). Characterization is provided in 6.4.4.18. 
6.4.5.5 Run 5: 4-Methoxyphenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.663 g, 4.36 x10-3 mol), 4-methoxyphenol 
(0.542 g, 4.37 x 10-3 mol), DCC (1.102 g, 5.24 x 10-3 mol) and DMAP (0.273 g, 
2.23 x 10-3 mol). The reaction was performed as described under the general 
method. Workup gave 4-methoxyphenyl-4’-methoxybenzoate as off-white 
crystals (0.983 g, 87 %). Characterization is provided in 6.4.4.18. 
6.4.5.6 Run 6: 4-Methoxyphenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.664 g, 4.36 x10-3 mol), 4-methoxyphenol 
(0.542 g, 4.37 x 10-3 mol), DCC (1.081 g, 5.14 x 10-3 mol), DMAP (0.270 g, 2.21 
x 10-3 mol). The reaction was performed as described under the general 
method. Workup gave 4-methoxyphenyl-4’-methoxybenzoate as off-white 
crystals (0.975 g, 86 %). Characterization is provided in 6.4.4.18. 
 
6.4.6 ESTERIFICATION REACTIONS OF FERROCENECARBOXYLIC ACID UNDER 
SOLVENT-FREE CONDITIONS  
General method 6. Ferrocenecarboxylic acid (4.4 x 10-4 mol), the appropriate 
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substituted phenol (4.4 x 10-4 mol), N,N-dimethylaminopyridine (DMAP) (2.1 x 
10-4 mol) and dicyclohexylcarbodiimide (DCC) (4.4 x 10-4 mol) were ground 
together together in an open mortar at room temperature. After a few minutes of 
grinding, the resulting paste was taken up in diethyl ether and filtered on a silica 
gel column, eluting with a 1:4 hexane-ether solution. The yields are of the 
isolated ester with respect to the limiting reagent. 
6.4.6.1 4-Methoxyphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.1007 g, 4.38 x10-4 mol), 4-
methoxyphenol (0.0563 g, 4.53 x 10-4 mol), DMAP (0.0278 g, 2.28 x 10-4 mol) 
and DCC (0.1002 g, 4.77 x 10-4 mol). The reaction was performed as described 
under the general method. A soft brown paste formed after about 30 s of 
grinding, and solidified after grinding for 3 min. Workup gave 4-methoxyphenyl 
ferrocenecarboxylate as orange crystals (0.1079 g, 73 %). Characterization is 
provided in 6.4.1.1. 
6.4.6.2 4-Methylphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.1011 g, 4.38 x10-4 mol), 4-methylphenol 
(0.0477 g, 4.41 x 10-4 mol), DMAP (0.0278 g, 2.28 x 10-4 mol) and DCC (0.0936 
g, 4.45 x 10-4 mol). The reaction was performed as described under the general 
method. A soft brown paste formed within 1 min of grinding, and solidified after 
grinding for 2 min. Workup gave 4-methylphenyl ferrocenecarboxylate as 
orange crystals (0.1003 g, 71 %). Characterization is provided in 6.4.1.17. 
6.4.6.3 4-tert-Butylphenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.1005 g, 4.37 x10-4 mol), 4-tert-
butylphenol (0.0653 g, 4.35 x 10-4 mol), DMAP (0.0290 g, 2.37 x 10-4 mol) and 
DCC (0.0911 g, 4.33 x 10-4 mol). The reaction was performed as described 
under the general method. A soft brown paste formed within 1 min of grinding, 
and solidified after grinding for 2 min. Workup gave 4-tert-butylphenyl 
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ferrocenecarboxylate as orange crystals (0.1207 g, 77 %). Characterization is 
provided in 6.4.1.6. 
6.4.6.4 4-Chlorophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.1003 g, 4.36 x10-4 mol), 4-chlorophenol 
(0.0573 g, 4.46 x 10-4 mol), DMAP (0.0278 g, 2.28 x 10-4 mol) and DCC (0.0899 
g, 4.28 x 10-4 mol). The reaction was performed as described under the general 
method. A soft brown paste formed within 1 min of grinding, and solidified after 
grinding for 2 min. Workup gave 4-chlorophenyl ferrocenecarboxylate as orange 
crystals (0.1189 g, 82 %). Characterization is provided in 6.4.1.7. 
6.4.6.5 4-Nitrophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.1076 g, 4.68 x10-4 mol), 4-nitrophenol 
(0.0620 g, 4.46 x 10-4 mol), DMAP (0.0297 g, 2.43 x 10-4 mol) and DCC (0.0947 
g, 4.50 x 10-4 mol). The reaction was performed as described under the general 
method. A soft brown paste formed within 1 min of grinding, and solidified after 
grinding for 2 min. Workup gave 4-nitrophenyl ferrocenecarboxylate as orange 
crystals (0.1309 g, 83 %). Characterization is provided 6.4.1.13. 
6.4.6.6 4-Bromophenyl ferrocenecarboxylate 
Quantities: Ferrocenecarboxylic acid (0.1008 g, 4.38 x10-4 mol), 4-bromophenol 
(0.0759 g, 4.39 x 10-4 mol), DMAP (0.0286 g, 2.34 x 10-4 mol) and DCC (0.1128 
g, 5.36 x 10-4 mol). The reaction was performed as described under the general 
method. A soft brown paste formed within 1 min of grinding, and solidified after 
grinding for 2 min. Workup gave 4-bromophenyl ferrocenecarboxylate as 
orange crystals (0.1460 g, 87 %). Characterization is provided in 6.4.1.5. 
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6.4.7 ESTERIFICATION REACTIONS OF SUBSTITUTED BENZOIC ACIDS UNDER 
SOLVENT-FREE CONDITIONS 
General method 7. Benzoic acid or a substituted benzoic acid (4.4 x 10-4 mol), 
4-methoxyphenol (4.4 x10-4 mol), dicyclohexylcarbodiimide (DCC) (5.3 x 10-4 
mol) and N,N-dimethylaminopyridine (DMAP) (2.1 x 10-4 mol) were ground 
together together in an open mortar at room temperature. After about four 
minutes of grinding, the resulting paste was taken up in diethyl ether and filtered 
on a silica gel column, eluting with a 1:5 hexane-ether solution. Overall yields 
are of the isolated ester. 
6.4.7.1 4-Methoxyphenyl benzoate 
Quantities: Benzoic acid (0.0564 g, 4.62 x10-4 mol), 4-methoxyphenol (0.0562 
g, 4.53 x 10-4 mol), DCC (0.1098 g, 5.22 x 10-4 mol) and DMAP (0.0270 g, 2.21 
x 10-4 mol). The reaction was performed as described under the general 
method. A near-colourless pliable paste formed after about 20 seconds. This 
solidified and turned white after a further minute of grinding. The solid was 
ground until 3 min had elapsed. Workup gave 4-methoxyphenyl benzoate as 
off-white crystals (0.0998 g, 97 %). Characterization is provided in 6.4.4.1. 
6.4.7.2 3-Methoxyphenyl benzoate 
Quantities: Benzoic acid (0.0537 g, 4.40 x10-4 mol), 3-methoxyphenol (0.0531 
g, 4.28 x 10-4 mol), DCC (0.1102 g, 5.24 x 10-4 mol) and DMAP (0.0274 g, 2.24 
x 10-4 mol). The reaction was performed as described under the general 
method. A near-colourless fluid paste formed immediately. This hardened 
slightly and turned white after a further 2 min. of grinding. The paste was ground 
until 4 min had elapsed. Workup gave 3-methoxyphenyl benzoate as a clear oil 
(0.0934 g, 96 %). Characterization is provided in 6.4.4.3 
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6.4.7.3 4-Methylphenyl benzoate 
Quantities: Benzoic acid (0.0556 g, 4.55 x10-4 mol), 4-methylphenol (0.0471 g, 
4.36 x 10-4 mol), DCC (0.1087 g, 5.17 x 10-4 mol) and DMAP (0.0271 g, 2.22 x 
10-4 mol). The reaction was performed as described under the general method. 
A near-colourless soft paste formed after 30s. This solidified and turned white 
after a further minute of grinding. The solid was ground until 3 min had elapsed. 
Workup gave 4-methylphenyl benzoate as off-white crystals (0.0881 g, 96 %). 
Characterization is provided in 6.4.4.5. 
6.4.7.4 Phenyl benzoate 
Quantities: Benzoic acid (0.0547 g, 4.48 x10-4 mol) , DCC (0.1078 g, 5.13 x 10-4 
mol), phenol (0.0438 g, 4.36 x 10-4 mol) and DMAP (0.0269 g, 2.20 x 10-4 mol). 
The reaction was performed as described under the general method. A near 
colourless paste formed after 30s. This solidified and turned white after a further 
minute of grinding. The solid was ground until 4 min had elapsed. Workup gave 
phenyl benzoate as off-white crystals (0.0844 g, 98 %). Characterization is 
provided in 6.4.4.7. 
6.4.7.5 4-Tert-butylphenyl benzoate 
Quantities: Benzoic acid (0.0542 g, 4.44 x10-4 mol), 4-tert-butylphenol (0.0663 
g, 4.41 x 10-4 mol), DCC (0.1079 g, 5.13 x 10-4 mol) and DMAP (0.0282 g, 2.31 
x 10-4 mol). The reaction was performed as described under the general 
method. A near-colourless paste formed after 30s. This solidified and turned 
white after a further minute of grinding. The solid was ground until 3 min had 
elapsed. Workup gave 4-tert-butylphenyl benzoate as yellow crystals (0.1078 g, 
96 %), mp. 78–79 °C; δH(CDCl3) 8.22 (2H, d, J 7.1, ArH), 7.53 (1H, t, J 7.1, 
ArH), 7.48 (2H, t, J 7.3, ArH), 7.45 (2H, d, J 8.8, ArH), 7.15 (2H, d, J 8.8, ArH); 
δC(CDCl3) 165.8, 149.1, 148.9, 133.9, 130.6, 130.1, 129.0, 126.8, 121.4, 34.9, 
31.9; νmax(KBr)/cm-1 2963, 1734, 1648, 1598, 1583, 1508, 1491, 1451,1408, 
1367, 1312, 1265, 1206, 1172, 1114, 1077, 1061, 1023, 874, 830, 808, 
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708,1652;  m/z 254 (M+, 34), 150 (6) 136 (9), 135 (100), 134 (15), 107 (11), 106 
(26), 105 (95), 91 (21), 77 (79), 65 (9), 51 (16), 41 (12), 39 (15), 28 (10), 26 (6) 
(Found: M+, 254.130712. C17H18O2 requires M+, 254.130680). 
6.4.7.6 4-Chlorophenyl benzoate 
Quantities: Benzoic acid (0.0533 g, 4.36 x10-4 mol), 4-chlorophenol (0.0557 g, 
4.33 x 10-4 mol), DCC (0.1146 g, 5.45 x 10-4 mol) and DMAP (0.0278 g, 2.28 x 
10-4 mol). The reaction was performed as described under the general method. 
A near-colourless paste formed after 30s. This solidified and turned white after 
a further minute of grinding. The solid was ground until 3 min had elapsed. 
Workup gave 4-chlorophenyl benzoate as off-white crystals (0.0812 g, 80 %), 
mp. 85–86 °C; δH(CDCl3) 8.21 (2H, d, J 7.1, ArH), 7.67 (1H, t, J 7.4, ArH), 7.54 
(2H, t, J 7.4, ArH), 7.42 (2H, d, J 8.9, ArH), 7.19 (2H, d, J 8.9, ArH); δC(CDCl3) 
165.4, 149.8, 134.2, 131.7, 130.6, 129.9, 129.6, 129.1, 123.5; νmax(KBr)/cm-1 
2980, 2929, 1733, 1584, 1489, 1450, 1316, 1283, 1269, 1219, 1160, 1092, 
1081, 1060, 1014, 936, 876, 808, 505; m/z 232 (M+, 86), 129 (6), 128 (10), 127 
(18), 111 (6), 106 (80), 99 (63), 77 (66), 73 (36), 65 (6), 63 (44), 51 (100), 49 
(5), 39 (8), 27 (6). (Found: M+, 232.029108. C13H9ClO2 requires 232.029107). 
6.4.7.7 4-Nitrophenyl benzoate 
Quantities: Benzoic acid (0.0548 g, 4.49 x10-4 mol), 4-nitrophenol (0.0609 g, 
4.38 x 10-4 mol), DCC (0.1073 g, 5.10 x 10-4 mol) and DMAP (0.0277 g, 2.27 x 
10-4 mol). The reaction was performed as described under the general method. 
A white solid formed almost instantaneously. This was ground until 3 min had 
elapsed. Workup gave 4-nitrophenyl benzoate as off-white crystals (0.0897 g, 
84 %). Characterization is provided in 6.4.4.9. 
6.4.7.8 4-Bromophenyl benzoate 
Quantities: Benzoic acid (0.0538 g, 4.41 x10-4 mol), 4-bromophenol (0.0741 g, 
4.28 x 10-4 mol), DCC (0.1081 g, 5.14 x 10-4 mol) and DMAP (0.0273 g, 2.24 x 
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10-4 mol). The reaction was performed as described under the general method. 
A near-colourless paste formed after 30s. This solidified and turned white after 
a further minute of grinding. The solid was ground until 3 min had elapsed. 
Workup gave 4-bromophenyl benzoate as off-white crystals (0.0945 g, 80 %), 
mp. 99–101 °C; δH(CDCl3) 8.21 (2H, d, J 7.0, ArH), 7.67 (1H, t, J 7.4, ArH), 7.58 
– 7.54 (4H, m, ArH), 7.13 (2H, d, J 8.9, ArH); δC(CDCl3) 165.3, 150.4, 134.2, 
133.0, 130.6, 129.5, 129.1, 124.0, 119.4; νmax(KBr)/cm-1 2950, 1732, 1649, 
1582, 1486, 1450, 1398, 1314, 1281, 1217, 1198, 1162, 1086, 1059, 1011, 936, 
875, 806, 706, 681; m/z 279 (M+ + 3, 26), 278 (M+ + 2) 276 (M+, 74), 230 (60), 
181 (7), 155 (6), 145 (35), 143 (38), 117 (12), 107 (8), 106 (53), 105 (43), 104 
(5), 92 (8), 77 (46), 75 (11), 65 (8), 63 (100), 51 (54), 39 (18), 27 (5). (Found: 
M+, 275.978614. C13H9BrO2 requires M+, 275.978591). 
6.4.7.9 4-Methoxyphenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.0664 g, 4.36 x10-4 mol), 4-methoxyphenol 
(0.0535 g, 4.30 x 10-4 mol), DCC (0.1114 g, 5.30 x 10-4 mol) and DMAP (0.0280 
g, 2.29 x 10-4 mol). The reaction was performed as described under the general 
method. A near-colourless paste formed within the 30s of grinding. This 
solidified and turned white after a further minute of grinding. The solid was 
ground until 3 min had elapsed. Workup gave 4-methoxyphenyl 4-
methoxybenzoate as off-white crystals (0.1093 g, 99 %). Characterization is 
provided in 6.4.4.18. 
6.4.7.10 3-Methoxyphenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.0714 g, 4.69 x10-4 mol), 3-methoxyphenol 
(0.0578 g, 4.66 x 10-4 mol), DCC (0.1098 g, 5.22 x 10-4 mol) and DMAP (0.0283 
g, 2.31 x 10-4 mol). The reaction was performed as described under the general 
method. A colourless, fluid paste formed within the first half-minute of grinding. 
This solidified slightly and turned white after a further minute of grinding. 
Workup gave 3-methoxyphenyl 4-methoxybenzoate as yellow crystals (0.1043 
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g, 87 %), mp. 99–100 °C; δH(CDCl3) 8.17 (2H, d, J 9.0, ArH), 7.35 (1H, t, J 8.2, 
ArH), 7.00 (2H, d, J 9.0, ArH), 6.85 – 6.78 (3H, m, ArH), 3.92 (3H, s, OCH3), 
3.84 (3H, s, OCH3); δC(CDCl3) 165.3, 164.3, 160.9, 152.4, 132.7, 130.2, 122.2, 
114.4, 112.1, 108.1, 55.9, 55.8; νmax(KBr)/cm-1 2936, 2848, 1725, 2064, 1486, 
1512, 1484, 1458, 1440, 1322, 1288, 1257, 1167, 1136, 1077, 1042, 1021, 892, 
953, 768, 686; m/z. 258 (M+, 20), 136 (17), 135 (100), 107 (15), 95 (16), 92 
(40), 80 (5), 77 (39), 64 (19), 52 (11), 50 (7), 41 (8). (Found: M+, 258.089542. 
C15H14O4 requires 258.089209). 
6.4.7.11 4-Methylphenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.0673 g, 4.42 x10-4 mol), 4-methylphenol 
(0.0451 g, 4.35 x 10-4 mol), DCC (0.1103 g, 5.24 x 10-4 mol) and DMAP (0.0272 
g, 2.23 x 10-4 mol). The reaction was performed as described under the general 
method. A near-colourless soft paste formed within the 30s of grinding. This 
solidified and turned white after a further minute of grinding. The solid was 
ground until 3 min had elapsed. Workup gave 4-methylphenyl-4´-
methoxybenzoate as off-white crystals (0.0857 g, 92 %). Characterization is 
provided in 6.4.4.18. 
6.4.7.12 Phenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.0664 g, 4.36 x10-4 mol), phenol (0.0417 g, 
3.86 x 10-4 mol), DCC (0.1103 g, 5.24 x 10-4 mol) and DMAP (0.0275 g, 2.25 x 
10-4 mol). The reaction was performed as described under the general method. 
A near-colourless soft paste formed within 30s of grinding. This solidified and 
turned white after a further minute of grinding. The solid was ground until 3 min 
had elapsed. Workup gave phenyl 4-methoxybenzoate as off-white crystals 
(0.0926 g, 93 %). Characterization is provided in 6.4.4.20. 
6.4.7.13 4-Tert-butylphenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.0668 g, 4.39 x10-4 mol), 4-tert-butylphenol 
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(0.0655 g, 4.36 x 10-4 mol), DCC (0.1087 g, 5.17 x 10-4 mol) and DMAP (0.0274 
g, 2.24 x 10-4 mol). The reaction was performed as described under the general 
method. A paste formed within 30s of grinding. This solidified and was ground 
until 3 min had elapsed. Workup gave 4-tert-butylphenyl-4´-methoxybenzoate 
as off-white crystals (0.1208 g, 97 %). Characterization is provided in 6.4.4.24. 
6.4.7.14 4-Chlorophenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.073 g, 4.80 x10-4 mol), 4-chlorophenol 
(0.060 g, 4.67 x 10-4 mol), DCC (0.114 g, 5.42 x 10-4 mol) and DMAP (0.029 g, 
2.37 x 10-4 mol). The reaction was performed as described under the general 
method. A near-colourless soft paste formed within the first 30s of grinding. This 
solidified and turned white after a further minute of grinding. The solid was 
ground until 3 min had elapsed. Workup gave 4-chlorophenyl-4´-
methoxybenzoate as off-white crystals (0.1111 g, 93 %). Characterization is 
provided in 6.4.4.21. 
6.4.7.15 2-Chlorophenyl-4´-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.0698 g, 4.59 x10-4 mol), 2-chlorophenol 
(0.0503 g, 4.53 x 10-4 mol), DCC (0.1070 g, 5.13 x 10-4 mol) and DMAP (0.0273 
g, 2.23 x 10-4 mol). The reaction was performed as described under the general 
method. A colourless, fluid paste formed within the first 30s of grinding. This 
solidified and turned white after a further minute of grinding. The solid was 
ground until 3 min had elapsed. Workup gave 2-chlorophenyl-4´-
methoxybenzoate as yellow crystals (0.1112 g, 93 %). Characterization is 
provided in 6.4.4.22. 
6.4.7.16 4-Nitrophenyl 4-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.0680 g, 4.47 x10-4 mol), 4-nitrophenol 
(0.0606 g, 4.36 x 10-4 mol), DCC (0.1118 g, 5.31 x 10-4 mol) and DMAP (0.0281 
g, 2.13 x 10-4 mol). The reaction was performed as described under the general 
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method. A white solid formed instantaneously. This was ground until 3 min had 
elapsed. Workup gave 4-nitrophenyl 4-methoxybenzoate as off-white crystals 
(0.1131 g, 95 %). Characterization is provided in 6.4.4.23. 
6.4.7.17 4-Bromophenyl-4´-methoxybenzoate 
Quantities: 4-methoxybenzoic acid (0.0675 g, 4.44 x10-4 mol), 4-bromophenol 
(0.0750 g, 4.34 x 10-4 mol), DCC (0.1108 g, 5.27 x 10-4 mol) and DMAP (0.0282 
g, 2.31 x 10-4 mol). The reaction was performed as described under the general 
method. A soft paste formed within the first 30s of grinding. This solidified and 
turned white after a further minute of grinding. The solid was ground until 3 min 
had elapsed. Workup gave 4-bromophenyl 4 -methoybenzoate as off-white 
crystals (0.1162 g, 87%), mp. 102 – 104 °C; δH(CDCl3) 8.15 (2H, d, J 8.9, ArH), 
7.55 (2H, d, J 8.8, ArH), 7.12 (2H, d, J 8.8, ArH), 7.01 (2H, d, J 8.9, ArH), 3.92 
(3H, s, OCH3); δC(CDCl3) 165.0, 164.5, 150.5, 132.9, 132.8, 124.1, 121.8, 
119.2, 114.3, 56.0; νmax(KBr)/cm-1 2932, 2837, 1723, 1666, 1604, 1512, 1487, 
1454, 1402, 1320, 1262, 1199, 1165, 1063, 1024, 1010, 874, 846, 762, 690, 
652; m/z 309 (M+ + 3, 9), 308 (M+ + 2, 34), 306 (M+, 36), 136 (9), 135 (100) 
(Found: M+, 305.989097. C14H11BrO3 requires 305.989155). 
6.4.8 MECHANISTIC INVESTIGATIONS INTO THE SOLVENT-FREE DCC/ DMAP-
PROMOTED ESTERIFICATION OF FERROCENECARBOXYLIC ACID AND 4-
METHOXYPHENOL 
6.4.8.1 Attempted reaction of ferrocenecarboxylic acid and 4-
methoxyphenol in the absence of DCC or DMAP 
Ferrocenecarboxylic acid (0.1006 g, 4.37 x 10-4 mol) and 4-methoxyphenol 
(0.0565 g, 4.55 x 10-4 mol) were ground together together in a mortar at room 
temperature. A brown paste formed within a few seconds of grinding and this 
was ground for a total of 3 min. TLC and IR analysis failed to detect any ester 
product. 
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6.4.8.2 Reaction of ferrocenecarboxylic acid and dicyclohexylcarbo-
diimide 
Ferrocenecarboxylic acid (0.2001 g, 8.68 x 10-4 mol) and 
dicyclohexylcarbodiimide (0.1798 g, 8.55 x 10-4 mol) were mixed and ground in 
a mortar at room temperature. A hard brown paste formed. This was subjected 
to TLC. Elution with hexane-ether (2:1) yielded ferrocenecarboxylic acid 
anhydride (0.0504 g, 26 %), mp. 131 °C; δH(CDCl3) 4.93 (2H, t, J 1.8, C5H4), 
4.58 (2H, t, J 1.8, C5H4), 4.39 (5H, s, C5H5); δC(CDCl3) 168.1, 73.1, 71.4, 70.6, 
70.5, 69.8; νmax(KBr)/cm-1 1762, 1706, 1540, 1507, 1442, 1411, 1372, 1241, 
1107, 1085, 1066, 1040, 1008, 904, 876, 826; m/z 441 (M+, 18) 365, (11), 230 
(8), 213 (5), 156 (5). (Found: M+, 441.995906. C22H18FeO3 requires 
441.995473) and N,N´-dicyclohexyl-N-ferrocenoylurea (0.1666 g, 45 %), mp. 
168 – 169 °C, lit. 174 – 175 °C; δH(CDCl3) 6.09 (1H, d, J 5.8, NH), 4.75 (2H, t, J 
1.8, C5H4), 4.37 (2H, t, J 1.8, C5H4), 4.26 (1H, m, NCH), 4.24 (5H, s, C5H5), 
3.60-3.57 (1H, m, NHCH), 2.05 (2H, q, J 11.7, c-C6H11), 1.86-1.82 (6H, m, c-
C6H11), 1.64-1.66 ( 4H, m, c-C6H11), 1.36 – 1.00 (8H, m, c-C6H11); δC(CDCl3) 
172.4, 155.2, 78.2, 70.8, 70.7, 70.6, 57.2, 50.2, 32.9, 31.4, 26.7, 25.8, 25.7, 
25.0; νmax(KBr)/cm-1 3228, 2932, 2851, 1702, 1598, 1543, 1452, 1384, 1345, 
1274, 1240, 1181, 1156, 1106, 1086, 1031, 1006, 891, 818; m/z 436 (M+, 57) 
327, (4), 311 (57), 282 (4), 267 (3), 255 (6), 246 (2), 230 (39), 213 (65), 205 (4), 
185 (23), 175 (6), 165 (19), 154 (62), 147, 136 (65), 123 (54),  109 (100). 
(Found: M+, 436.181447. C24H32FeN2O2 requires 436.181318).  
6.4.8.3 Reaction of ferrocenecarboxylic acid, 4-methoxyphenol and 
dicyclohexylcarbodiimide 
Ferrocenecarboxylic acid (0.0997 g, 4.33 x 10-4 mol), 4-methoxyphenol (0.545 
g, 4.39 x 10-4 mol) and dicyclohexylcarbodiimide (0.0945 g, 4.49 x 10-4 mol) 
were ground together in a mortar at room temperature. A brown paste formed 
within seconds of grinding. This solidified after 7 min of grinding. TLC and IR 
analysis revealed the formation of a new product. The paste was passed 
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through a column of silica gel. Elution with hexane-ether (2:1) and hexane-ether 
(1:2) yielded, respectively, 4-methoxyphenyl ferrocenecarboxylate (0.1126 g, 77 
%) and N,N´-dicyclohexyl-N-ferrocenoylurea (0.0280 g, 15 %), which was 
characterised as in 6.4.8.3. Ferrocenecarboxylic acid (0055 g, 2.39 x 10-5 mol) 
was stripped off the column with methanol. 
6.4.8.4 Attempted reaction of ferrocenecarboxylic acid, 4-
methoxyphenol and N,N-dimethylaminopyridine 
Ferrocenecarboxylic acid (0.1002 g, 4.36 x 10-4 mol), 4-methoxyphenol (0.0556 
g, 4.48 x 10-4 mol) and N,N-dimethylaminopyridine (0.0273 g, 2.23 x 10-4 mol) 
were ground together in a mortar at room temperature. A brown paste formed 
within seconds of grinding. TLC and IR analysis failed to detect any ester 
product.  
6.4.8.5 Reaction of ferrocenecarboxylic acid anhydride, 4-methoxy-
phenol and N,N-dimethylaminopyridine 
4-Methoxyphenol (0.0296 g, 2.38 x10-4 mol) and N,N-dimethylaminopyridine 
(0.0095 g, 7.78 x10-5 mol) were first ground together. To this was added 
ferrocenecarboxylic acid anhydride (0.0504 g, 1.14 x10-5 mol) and the mixture 
was ground further. A brown paste was obtained. This was passed through a 
column of silica gel and yielded 4-methoxyphenyl ferrocenecarboxylate (0.0360 
g, 47 %) and ferrocenecarboxylic acid (0.0236 g, 45 %). 
6.4.8.6 Attempted reaction of N,N´-dicyclohexyl-N-ferrocenoylurea and 
ferrocenecarboxylic acid  
N,N´-Dicyclohexyl-N-ferrocenoylurea (0.0244 g, 5.59 x 10-5 mol) and 
ferrocenecarboxylic acid (0.0128 g, 5.56 x 10-5 mol) were ground together in a 
mortar for about 3 min. A solid mixture resulted, without forming a paste. IR 
analysis of this mixture did not detect any new product. 
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6.4.8.7 Attempted reaction of N,N´-dicyclohexyl-N-ferrocenoylurea and 
N,N-dimethylaminopyridine 
N,N´-Dicyclohexyl-N-ferrocenoylurea (0.0241 g, 5.52 x 10-5 mol) and N,N-
dimethylaminopyridine (0.0690 g, 5.64 x 10-4 mol) were ground together in a 
mortar. A brown paste formed after a minute of grinding. IR analysis of this 
paste did not detect any new product. 
6.4.8.8 Attempted reactions of N,N´-dicyclohexyl-N-ferrocenoylurea, 4-
methoxyphenol and N,N-dimethylaminopyridine 
(i) N,N´-Dicyclohexyl-N-ferrocenoylurea (0.1013 g, 2.32 x 10-4 mol), 4-
methoxyphenol (0.0306 g, 2.46 x 10-4 mol) and N,N-dimethylaminopyridine 
(0.0152 g, 1.24 x 10-4 mol) were ground together and a brown paste formed. 
TLC and IR analysis failed to reveal any new products. 
(ii) 4-Methoxyphenol (0.0283 g, 2.28 x 10-4 mol) and N,N-dimethylaminopyridine 
(0.0147 g, 1.20 x 10-4 mol) were first ground together in a mortar. To this was 
added N,N´-dicyclohexyl-N-ferrocenoylurea (0.1004 g, 2.30 x 10-4 mol), and the 
mixture was ground for a further period of 3 min. A brown paste formed. TLC 
and IR analysis of this paste failed to reveal formation of any new products.  
6.4.8.9 Independent synthesis of ferrocenecarboxylic acid anhydride 
Ferrocenecarboxylic acid (0.1012 g, 4.40 x 10-4 mol), N,N-dimethyl-
aminopyridine (0.0197g, 1.61 x 10-4 mol), dicyclohexylcarbodiimide (0.1191 g, 
5.66 x 10-4 mol) and 2-mercaptopyridine (0.0623 g, 5.60 x 10-4 mol) were stirred 
for 3 h in dry dichloromethane (20 cm3) at room temperature. The reaction 
mixture was then filtered and concentrated in vacuo. The residue was passed 
through a column of silica gel. Elution with hexane-ether (2:1) yielded 
ferrocenecarboxylic acid anhydride (0.0053 g, 5 %), which was characterised 
previously, and 2-pyridylsulfenyl ferrocenoate (0.1225 g, 86 %). 
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6.4.8.10 Reaction of 4-methoxybenzoic acid and dicyclohexylcarbo-
diimide 
4-Methoxybenzoic acid (0.2026 g, 1.33 x 10-3 mol) and 
dicyclohexylcarbodiimide (0.2764 g, 1.31 x 10-3 mol) were mixed and ground in 
a mortar at room temperature. A hard white paste formed. This was left to stand 
for 10 min. and analysed by IR spectroscopy prior to TLC. Elution with hexane-
ether (2:1) yielded 4-methoxybenzoic acid anhydride (0.0902 g, 48 %). 
δH(CDCl3) 8.13 (4H, d, J 6.9, Ar), 7.00 (2H, d, J 6.9, Ar), 3.92 (6H, s, OCH3); 
δC(CDCl3) 166.0, 162.7, 133.3, 121.7, 114.5, 56.0; νmax(KBr)/cm-1 3016, 2962, 
1790, 1712, 1686, 1654, 1608, 1579, 1511, 1440, 1426, 1264, 1224, 1160, 
1046, 1016, 1002, 838, 761, 690; m/z 286 (M+, 40) 266, (64), 193 (16), 165 
(13), 152 (72), 135 (100), 121 (23), 92 (25), 77 (25), 63 (15). (Found: M+, 
286.3142. C16H14O5 requires 286.2841) and N,N′-dicyclohexyl-N-(4-methoxy)-
benzoylurea (0.1068 g, 23 %), δH(CDCl3) 7.58, (2H, d, J 8.8, Ar), 6.92 (2H, d, J 
8.8, Ar), 6.04 (1H, d, J 7.3, NH), 4.15 (1H, m, NCH), 3.86 (3H, s, OCH3), 3.55 -
3.51 (1H, m, NHCH), 2.05 (2H, m, c-C6H11), 1.85 - 1.79 (4H, m, c-C6H11), 1.68 -
1.55 ( 4H, m, c-C6H11), 1.30 – 1.22 (10H, m, c-C6H11); δC(CDCl3) 171.2, 161.8, 
154.7, 129.81 129.0, 110.8, 57.6, 55.5, 49.6, 32.4, 30.8, 26.3, 25.4, 25.3, 24.5; 
νmax(KBr)/cm-1 2935, 2854, 1702, 1693, 1664, 1637, 1606,1529,1513, 1451, 
1416, 1376, 1338, 1307, 1255, 1233, 1180, 1082, 1029, 892, 854, 760; m/z 358 
(M+, 50) 277, (49), 233 (48), 223 (58), 195 (34), 177 (19), 152 (44), 136 (56), 
121 (65), 205 (100), 108 (49), 99 (69), 92 (81), 83 (55), 77 (35), 69 (32), 65 
(33), 54 (47), 43 (35), 40 (67), 29 (47). (Found: M+, 358.1662. C21H30N2O3 
requires 358.1256). 
6.4.8.11 Reaction of N,N′-dicyclohexyl-N-(4-methoxy)-benzoylurea, 4-
methoxyphenol, and DMAP 
N,N′-dicyclohexyl-N-(4-methoxy)-benzoylurea (0.050 g, 1.39 x 10-4 mol) 4-
methoxyphenol (0.173 g, 1.39 x 10-4 mol) and DMAP (0.0085 g, 6.97 x 10-5 
were mixed and ground in a mortar at room temperature. A hard white paste 
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formed. This was left to stand for 10 min. and analysed by IR spectroscopy. 
TLC and IR analysis of this paste did not detect any new product. 
6.5 N,N-DIMETHYLAMINOPYRIDINE-PROMOTED 
ACYLATIONS2 
6.5.1 ACYLATION REACTIONS OF FERROCENOYL FLUORIDE IN [BMIM][BF4] 
General Method 8. [Bmim][BF4] was deaerated by purging with nitrogen and 
was also subjected to three cycles of freeze-thaw degassing. Ferrocenoyl 
fluoride (0.44 mmol), the appropriate substituted phenol (0.44 mmol) and N,N-
dimethylaminopyridine (DMAP, 0.21 mmol) were added to degassed 
[bmim][BF4] (6cm3) contained in a 25cm3 round-bottomed flask. Nitrogen was 
blown over the reaction before it was sealed and the reaction was then stirred at 
room temperature for 16 h. Stirring was stopped and the red-brown reaction 
mixture extracted with diethyl ether (9 x 5 cm3). The ether extracts were 
combined, washed with water and dried over anhydrous sodium sulfate. After 
removing the diethyl ether in vacuo, the residue was passed through a short 
silica gel column. The products were eluted with hexane-diethyl ether (1:5), 
thereby avoiding the use of undesirable chlorinated solvents. 
6.5.1.1 4-Methoxyphenyl ferrocenecarboxylate 
6.5.1.1.1 Reaction time: 16 h 
Quantities: ferrocenoyl fluoride (101 mg, 0.435 mmol), 4-methoxyphenol (54 
mg, 0.434 mmol), DMAP (27 mg, 0.221 mmol) and [bmim][BF4] (6 cm3). The 
reaction was performed as described under the general procedure. Workup 
gave 4-methoxyphenyl ferrocenecarboxylate (145 mg, 99 %). Characterization 
is provided in 6.4.1.1. 
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6.5.1.1.2 Reaction time: 2 h 
Quantities: ferrocenoyl fluoride (100 mg, 0.433 mmol), 4-methoxyphenol (55 
mg, 0.439 mmol), DMAP (28 mg, 0.232 mmol) and [bmim][BF4] (6 cm3). The 
reaction was performed as described under the general procedure, except that 
the reaction was stopped after 2 h. Workup gave 4-methoxyphenyl 
ferrocenecarboxylate (120 mg, 82 %). Characterization is provided in 6.4.1.1. 
6.5.1.1.3 Reaction time: 4 h 
Quantities: ferrocenoyl fluoride (100 mg, 0.431 mmol), 4-methoxyphenol (54 
mg, 0.434 mmol), DMAP (27 mg, 0.223 mmol) and [bmim][BF4] (6 cm3). The 
reaction was performed as described under the general procedure, except that 
the reaction was stopped after 4 h. Workup gave 4-methoxyphenyl 
ferrocenecarboxylate (119 mg, 82 %). Characterization is provided in 6.4.1.1. 
6.5.1.1.4 Reaction time: 6 h 
Quantities: ferrocenoyl fluoride (101 mg, 0.434 mmol), 4-methoxyphenol (54 
mg, 0.434 mmol), DMAP (28 mg, 0.226 mmol) and [bmim][BF4] (6 cm3). The 
reaction was performed as described under the general procedure, except that 
the reaction was stopped after 6 h. Workup gave 4-methoxyphenyl 
ferrocenecarboxylate (135 mg, 92 %). Characterization is provided in 6.4.1.1. 
6.5.1.1.5 Reaction time: 8 h 
Quantities: ferrocenoyl fluoride (100 mg, 0.434 mmol), 4-methoxyphenol (54 
mg, 0.434 mmol), DMAP (27 mg, 0.224 mmol) and [bmim][BF4] (6 cm3). The 
reaction was performed as described under the general procedure, except that 
the reaction was stopped after 8 h. Workup gave 4-methoxyphenyl 
ferrocenecarboxylate (141 mg, 97 %). Characterization is provided in 6.4.1.1. 
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6.5.1.2 4-Methylphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (101 mg, 0.435 mmol), 4-methylphenol (49 mg, 
0.395 mmol), DMAP (28 mg, 0.229 mmol) and [bmim][BF4] (6 cm3). The 
reaction was performed as described under the general procedure. Workup 
gave 4-methylphenyl ferrocenecarboxylate (136 mg, 98%). Characterization is 
provided in 6.4.1.17. 
6.5.1.3 Phenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (102 mg, 0.440 mmol), phenol (43 mg, 0.457 
mmol), DMAP (25 mg, 0.205 mmol) and [bmim][BF4] (6 cm3). The reaction was 
performed as described under the general procedure. Workup gave phenyl 
ferrocenecarboxylate (127 mg, 94 %). Characterization is provided in 6.4.1.11. 
6.5.1.4 4-Chlorophenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (103 mg, 0.44 mmol), 4-chlorophenol (57 mg, 
0.443 mmol), DMAP (26 mg, 0.213 mmol) and [bmim][BF4] (6 cm3). The 
reaction was performed as described under the general procedure. Workup 
gave 4-chlorophenyl ferrocenecarboxylate (149 mg, 99%). Characterization is 
provided in 6.4.1.7. 
6.5.1.5 4-Nitrophenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (103 mg, 0.44 mmol), 4-nitrophenol (62 mg, 
0.446 mmol), DMAP (27 mg, 0.221 mmol) and [bmim][BF4] (6 cm3). The 
reaction was performed as described under the general procedure. Workup 
gave 4-nitrophenyl ferrocenecarboxylate (156 mg, 100 %). Characterization is 
provided in 6.4.1.13. 
6.5.1.6 4-Bromophenol ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (101 mg, 0.435 mmol), 4-bromophenol (76 mg, 
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0.439 mmol), DMAP (27 mg, 0.221 mmol) and [bmim][BF4] (6cm3). The reaction 
was performed as described under the general procedure. Workup gave 4-
bromophenyl ferrocenecarboxylate (96 mg, 60 %). Characterization is provided 
in 6.4.1.5. 
6.5.1.7 4-Formylphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (105 mg, 0.53 mmol), 4-formylphenol (55 mg, 
0.450 mmol), DMAP (27 mg, 0.221 mmol) and [bmim][BF4] (6cm3). The reaction 
was performed as described under the general procedure. Workup gave 4-
formylphenyl ferrocenecarboxylate (114 mg, 80 %). Characterization is provided 
in 6.4.1.9. 
6.5.2 RECYCLING EXPERIMENTS: REACTION OF FERROCENOYL FLUORIDE WITH 
4-METHOXYPHENOL IN [BMIM][BF4] 
General method 9. To degassed [bmim][BF4] (6 cm3) contained in a 25 cm3 
round-bottomed flask was added ferrocenoyl fluoride (4.4 x 10-4 mol), 4-
methoxyphenol (4.4 x 10-4 mol) and N,N-dimethylaminopyridine, DMAP, (2.1 x 
10-4 mol). Dry nitrogen was blown over the reaction mixture and the flask 
stoppered. The reaction mixture was stirred at room temperature for 24 h, after 
which it was extracted with diethyl ether (9 x 5 cm3). The combined ethereal 
extracts were worked up as described under “General method 4”. The 
recovered ionic liquid was degassed after removing the residual ether under 
reduced pressure and reused. The recycling experiments were repeated as 
above. The product, 4-methoxyphenyl ferrocenecarboxylate, has been 
characterised in 6.4.1.1 
6.5.2.1 Run 1 4-methoxyphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1006 g, 4.34 x 10-4 mol), 4-methoxyphenol 
(0.0547 g, 4.41 x 10-4 mol), DMAP (0.0268 g, 2.19 x 10-4 mol) and [bmim][BF4] 
(6 cm3). The reaction was performed as described under the general method. 
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Work-up gave 4-methoxyphenyl ferrocenecarboxylate as orange crystals 
(0.1253 g, 86 %). 
6.5.2.2 Run 2  4-methoxyphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1027 g, 4.43 x 10-4 mol), 4-methoxyphenol 
(0.0555 g, 4.38 x 10-4 mol), DMAP (0.0275 g, 2.25 x 10-4 mol) and recovered 
[bmim][BF4]. The reaction was performed as described under the general 
method. Work-up gave 4-methoxyphenyl ferrocenecarboxylate as orange 
crystals (0.1388 g, 95 %). 
6.5.2.3 Run 3  4-methoxyphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1008 g, 4.34 x 10-4 mol), 4-methoxyphenol 
(0.0544 g, 4.38 x 10-4 mol), DMAP (0.0271 g, 2.22 x 10-4 mol) and recovered 
[bmim][BF4]. The reaction was performed as described under the general 
method. Work-up gave 4-methoxyphenyl ferrocenecarboxylate as orange 
crystals (0.1373 g, 94 %). 
6.5.2.4 Run 4  4-methoxyphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1241 g, 5.35 x 10-4 mol), 4-methoxyphenol 
(0.0681 g, 5.48 x 10-4 mol), DMAP (0.0269 g, 2.22 x 10-4 mol) and recovered 
[bmim][BF4]. The reaction was performed as described under the general 
method. Work-up gave 4-methoxyphenyl ferrocenecarboxylate as orange 
crystals (0.1745 g, 97 %). 
6.5.2.5 Run 5  4-methoxyphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1029 g, 4.43 x 10-4 mol), 4-methoxyphenol 
(0.0552 g, 4.45 x 10-4 mol), DMAP (0.0274 g, 2.24 x 10-4 mol) and recovered 
[bmim][BF4]. The reaction was performed as described under the general 
method. Work-up gave 4-methoxyphenyl ferrocenecarboxylate as orange 
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crystals (0.1414 g, 95 %). 
6.5.3 MICROWAVE-PROMOTED REACTIONS OF FERROCENOYL FLUORIDE WITH 
PHENOLS UNDER SOLVENT-FREE CONDITIONS. 
General method 10. Ferrocenoyl fluoride (0.4 mmol) and the appropriate 
substituted phenol (0.4 mmol) were thoroughly mixed in a mortar. The mixture 
was subjected to microwave radiation for 1 min. The resulting melt was allowed 
to cool and was passed through a column of silica gel. Elution with 
hexane/ether (1:1) provided a band that upon removing the solvent gave the 
ferrocenoate ester. A small amount of ferrocenecarboxylic acid was removed 
from the column with methanol. 
6.5.3.1 4-Methoxyphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1006 g, 4.34 x 10-4 mol), 4-methoxyphenol 
(0.0549 g, 4.42 x 10-4 mol). The reaction was performed as described under the 
general method. Work-up gave 4-methoxyphenyl ferrocenecarboxylate as 
orange crystals (0.1150 g, 79 %). Characterization is provided in 6.4.1.1. 
6.5.3.2 3-Methoxyphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1003 g, 4.32 x 10-4 mol), 3-methoxyphenol 
(0.0566 g, 4.56 x 10-4 mol). The reaction was performed as described under the 
general method. Work-up gave 3-methoxyphenyl ferrocenecarboxylate as a red 
oil (0.1126 g, 78 %). Characterization is provided in 6.4.1.10. 
6.5.3.3 4-Methylphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1003 g, 4.32 x 10-4 mol), 4-methylphenol 
(0.0508 g, 4.67 x 10-4 mol). The reaction was performed as described under the 
general method. Work-up gave 4-methylphenyl ferrocenecarboxylate as orange 
crystals (0.1173 g, 85 %). Characterization is provided in 6.4.1.17. 
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6.5.3.4 4-tert-Butylphenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1010 g, 4.35 x 10-4 mol), 4-tert-butylphenol 
(0.0659 g, 4.39 x 10-4 mol). The reaction was performed as described under the 
general method. Work-up gave 4-tert-butylphenyl ferrocenecarboxylate as 
orange crystals (0.1283 g, 81 %). Characterization is provided in 6.4.1.6. 
6.5.3.5 Phenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1005 g, 4.33 x 10-4 mol), phenol (0.0472 g, 
5.01 x 10-4 mol). The reaction was performed as described under the general 
method. Work-up gave phenyl ferrocenecarboxylate as orange crystals (0.1012 
g, 76 %). Characterization is provided in 6.4.1.11. 
6.5.3.6 4-Chlorophenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1001 g, 4.31 x 10-4 mol), 4-chlorophenol 
(0.0593 g, 4.61 x 10-4 mol). The reaction was performed as described under the 
general method. Work-up gave 4-chlorophenyl ferrocenecarboxylate as orange 
crystals (0.1090 g, 74 %). Characterization is provided in 6.4.1.7. 
6.5.3.7 2-Chlorophenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1005 g, 4.33 x 10-4 mol), 2-chlorophenol 
(0.0616 g, 4.79 x 10-4 mol). The reaction was performed as described under the 
general method. Work-up gave 2-chlorophenyl ferrocenecarboxylate as orange 
crystals (0.0848 g, 58 %). Characterization is provided in 6.4.1.15. 
6.5.3.8 4-Bromophenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1000 g, 4.31 x 10-4 mol), 4-bromophenol 
(0.0743 g, 4.29 x 10-4 mol). The reaction was performed as described under the 
general method. Work-up gave 4-bromophenyl ferrocenecarboxylate as orange 
crystals (0.1172 g, 71 %). Characterization is provided in 6.4.1.5. 
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6.5.3.9 4-Nitrophenyl ferrocenecarboxylate 
Quantities: ferrocenoyl fluoride (0.1003 g, 4.32 x 10-4 mol), 4-nitrophenol 
(0.0628 g, 4.51 x 10-4 mol). The reaction was performed as described under the 
general method. Work-up gave 4-nitrophenyl ferrocenecarboxylate as orange 
crystals (0.0982 g, 65 %). Characterization is provided in 6.4.1.13. 
6.5.4 MISCELLANEOUS REACTIONS OF FERROCENOYL FLUORIDE 
6.5.4.1 Reaction of ferrocenoyl fluoride with N-hydroxy derivatives in 
solution 
General method 11. Ferrocenoyl fluoride (0.44 mmol), the N-hydroxy derivative 
(0.44 mmol) and DMAP (0.21 mmol) were added to [bmim][BF4] (6 cm3) in a 25 
cm3 round-bottomed flask. Nitrogen was blown over the reaction mixture before 
it was sealed and the mixture was then stirred at room temperature for 16 h. 
Thereafter the mixture was extracted with diethyl ether (9 x 5 cm3) and the 
combined ether extracts were, washed with water and dried over anhydrous 
sodium sulfate. After removing the diethyl ether in vacuo, the residue was 
passed through a short silica gel column. The products were eluted with 
hexane-diethyl ether avoiding the use of undesirable chlorinated solvents. 
6.5.4.1.1 With N-hydroxypyridine-2-thione: N-Ferrocenoyloxypyridine-2-
thione 
Quantities: ferrocenoyl fluoride (101 mg, 0.44 mmol), N-hydroxypyridine-2-
thione (57 mg, 0.44 mmol), DMAP (21 mg, 0.172 mmol) and [bmim][BF4] (6 
cm3). The reaction was performed as described under the general method. All 
operations in this reaction were carried out in the dark since the product is 
extremely light sensitive. The product was obtained as an orange solid and was 
identified as N-ferrocenoyloxypyridine-2-thione (67 mg, 45 %), mp. 145 - 146 
ºC; δH (CDCl3) 7.76 (1H, m, vinylic), 7.59 (1H, m, vinylic), 7.25 (1H, m, vinylic), 
6.68 (1H, m, vinylic), 5.04 (2H, t, J=1.9 Hz, C5H4), 4.62 (2H, t, J=1.9 Hz, C5H4), 
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4.46 (5H, s, C5H5); νmax (KBr)/cm-1 (KBr cm-1) 3011, 1754, 1606, 1526, 1450, 
1411, 1372, 1351, 1266, 1232, 1176, 1135, 1107, 1064, 1027, 986, 881, 845, 
813, 766, 741, 533, 497; m/z 339 (M+, 100 %), 323 (7), 248 (10), 247 (67), 230 
(10), 213 (13), 199, (29), 185 (30), 166 (16), 134 (6), 130 (13), 129 (55), 121 
(17), 103 (5), 92 (20), 83 (10), 78 (19), 69 (12), 56 (18), 51 (9), 39 (23); Anal. 
Calc. for C16H13FeNO2S: [M+], 339.00164. Found: [M+], 339.00163. 
6.5.4.1.2 Alternative synthesis of N-ferrocenoyloxypyridine-2-thione 
A mixture of N-hydroxypyridine-2-thione (1.10 g, 8.7 mmol), ferrocenecarboxylic 
acid (2.0 g, 8.7 mmol) and DMAP (0.25 g, 2.0 mmol) was added to anhydrous 
dichloromethane (40 ml). To this solution was added dropwise over 1 min a 
solution of DCC (2.2 g, 10.7 mmol) in anhydrous dichloromethane (5 cm3).  The 
solution was stirred for 24 h at room temperature (20°C) after which it was 
filtered.  After removal of the solvent in vacuo, the residue was separated by 
column chromatography (caution: the chromatography was carried out in the 
dark since the product is extremely light sensitive). After removing the solvent in 
vacuo, an orange solid was obtained, identified as N-ferrocenoyloxypyridine-2-
thione. The product was characterised as described previously. 
6.5.4.1.3 With benzophenone oxime: Benzophenone O-ferrocenyl-
carbonyloxime 
Quantities: ferrocenoyl fluoride (102 mg, 0.44 mmol), benzophenone oxime (88 
mg, 0.446 mmol), DMAP (25 mg, 0.205 mmol) and [bmim][BF4] (6 cm3). The 
reaction was performed as described under the general method. The product 
was obtained as a yellow solid identified as benzophenone O-
ferrocenylcarbonyloxime (0.169 g, 94 %), mp. 130 – 131 °C, (lit.15 [28] 130-
131ºC); δH (CDCl3) 7.70 - 7.40 (10H, m, ArH), 4.60 (2H, t, J=1.8 Hz, C5H4), 4.36 
(2H, t, J=1.8 Hz, C5H4), 4.10 (5H, s, C5H5); 13C-NMR (CDCl3) 169.4, 164.8, 
135.1, 133.3, 131.6, 129.9, 129.4, 129.1, 128.8, 128.6, 72.0, 70.5, 70.3, 69.5; 
νmax (KBr)/cm-1 3675, 3013, 2935, 2856, 1735, 1655, 1527, 1452, 1376, 1327, 
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1266, 1227, 1218, 1100, 1024, 985, 915; m/z 409 (M+, 100), 344 (88), 300 (61), 
182 (68); Anal. Calc. for C24H19FeNO2: C, 70.4; H, 4.7%; [M+], 409.07652. 
Found: C, 70.8; H, 5.0%; [M+], 409.07748. 
6.5.4.1.4 Alternative synthesis of benzophenone O-ferrocenyl-
carbonyloxime 
A mixture of benzophenone oxime (0.25g, 1.3 mmol), pyridine (1 cm3), DMAP 
(37 mg, 0.3 mmol) and ferrocenoyl chloride (0.25 g, 1.0 mmol) was stirred at 
room temperature for 3 h in anhydrous diethyl ether (50 cm3).  After filtration of 
the solution and removal of the ether in vacuo, the residue was subjected to 
chromatography.  The product was eluted with dichloromethane and was 
obtained as an orange solid (84 mg, 21 %). The product was characterised as 
as in 6.5.4.1.3. 
6.5.4.1.5 With 3-hydroxy-4-methyl-2(3H)-thiazolethione: N-ferrocenoyl-
oxy-4-methyl-2(3H)-thiazolethione 
A mixture of 3-hydroxy-4-methyl-2(3H)-thiazolethione (1.50 g, 10.2 mmol), 
pyridine (1 cm3), DMAP (37 mg, 0.3 mmol) and ferrocenoyl chloride (2.50 g, 
10.0 mmol) was stirred at room temperature for 30 min in anhydrous diethyl 
ether (50 cm3). After filtration of the pyridinium chloride and removal of the ether 
in vacuo, the residue was crystallized from n-pentane to leave the product 
which was identified as N-ferrocenoyloxy-4-methyl-2(3H)-thiazolethione (2.32 g, 
64 %); mp. 133 ºC decomp; δH (CDCl3) 6.27 (1H, d, J=1.1 Hz, vinylic), 5.04 (2H, 
t, J=1.7 Hz, C5H4), 4.63 (2H, t, J=1.7 Hz, C5H4), 4.48 (5H, s, C5H5), 2.19 (3H, d, 
J=1.1 Hz, CH3); 13C-NMR (CDCl3) 181.4, 168.4, 137.9, 102.8, 73.2, 71.9, 71.3, 
70.6, 13.9; νmax (KBr)/cm-1 3103, 3083, 1786, 1642, 1590, 1559, 1508, 1451, 
1400, 1372, 1338, 1324, 1266, 1178, 1136, 1106, 1058, 1020, 991, 975, 871, 
859, 827, 738, 724, 528; m/z 359 (M+, 54 %), 315 (9), 281 (6), 267 (21), 260 
(26), 250 (26), 243 (7), 231(23), 230 (97), 219 (17), 213 (86), 211 ( 6), 193, (7), 
186 (17), 185 (60), 169 (16), 165 (9), 138 (46), 131 (57), 129 (64), 119 (32), 103 
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(7), 100 (11), 92 (13), 86 (41), 81 (9), 72 (11), 69 (100), 64 (8), 56 (26), 45 (33), 
39 (21); Anal. Calc. for C15H14FeNO2S2: [M+] 358.97371.  Found: [M+], 
358.97302. 
6.5.4.1.6 Reaction of ferrocenoyl fluoride with thiophenol 
To degassed [bmim][BF4] (6 cm3) contained in a 25 cm3 round-bottomed flask 
was added ferrocenoyl fluoride (102 g, 4.40 x 10-4 mol), thiophenol (0.057 g, 
5.17 x10-4 mol) and DMAP, (0.026 g, 2.13 x 10-4 mol). Dry nitrogen was blown 
over the reaction mixture and the flask stoppered. The reaction mixture was 
stirred at room temperature for 16 h. The resulting red-brown mixture was then 
extracted with diethyl ether (8 x 5 cm3). The combined ethereal extract was 
concentrated in vacuo and the residue passed through a short silica gel column, 
eluting with a 1:5 hexane-ether solution as eluent. Removal of the solvent in 
vacuo gave ferrocene carbothiotic acid S-phenyl ester (0.127 g, 89.6 %) as red 
crystals, mp. 99.3 – 102.6 ºC (lit.,15 108 – 109 ºC); δH (CDCl3) 7.52 (2H, d, J 2.0, 
ArH), 7.48 – 7.44 (3H, m, ArH), 4.95 (2H, t, J 1.8, C5H4), 4.55 (2H, t, J 1.8, 
C5H4), 4.31 (5H, s, C5H5); δC(CDCl3) 192.0, 135.4, 129.6, 129.5, 129.3, 79.2, 
72.4, 71.1, 69.6; νmax(KBr)/ cm-1 2929, 1668, 1477, 1441, 1372, 1243, 1222, 
1104, 1046, 1026, 945; m/z 322 (M+, 76), 230 (49), 213 (100), 165 (10), 129 
(36), 121 (23), 56 (8). (Found: 322.0117, C17H14FeOS requires 322.0111). 
6.5.4.1.7 Attempted esterification of ferrocenoyl fluoride using 4-
methoxyphenol (no other reagent) 
To degassed [bmim][BF4] (6 cm3) contained in a 25 cm3 round-bottomed flask 
was added ferrocenoyl fluoride (0.103 g, 4.44 x 10-4 mol) and 4-methoxyphenol 
(0.055 g, 4.43 x 10-4 mol). Dry nitrogen was blown over the reaction mixture and 
the flask stoppered. The reaction mixture was stirred at room temperature for 24 
h, whereupon a small aliquot was extracted and subjected to TLC. No 
esterification products were observed by TLC. 
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6.5.4.2 Solvent-free reactions of ferrocenoyl fluoride with N-hydroxy 
derivatives 
6.5.4.2.1 Solvent-free reaction of ferrocenoyl fluoride with N-hydroxy-
pyridine-2-thione 
Ferrocenoyl fluoride (0.1009g, 4.35 x 10-4 mol), N-hydroxypyridine-2-thione 
(0.0558 g, 4.39 x 10-4 mol) and DMAP (0.0209 g, 1.71 x 10-4 mol) were mixed 
and ground in an open mortar for 4 min. IR analysis of the mixture confirmed 
the formation of a product. The reaction mixture was taken up in a minimal 
amount of dichloromethane, and was then subjected to flash column 
chromatography using hexane-diethyl ether (1:3) as eluant. Blue coloured 
decomposition products were evident on the column. The eluate was 
concentrated under reduced pressure to give N-ferrocenoyloxypyridine-2-thione 
as red-orange crystals (0.0860 g, 58 %). The product was characterised as 
described in 6.5.4.1.1. 
6.5.4.2.2 Solvent-free reaction of ferrocenoyl fluoride with 3-hydroxy-4-
methyl-2(3H)-thiazolethione: N-ferrocenoyloxy-4-methyl-2(3H)-
thiazolethione 
Ferrocenoyl fluoride (0.1003g, 4.32 x 10-4 mol), 3-hydroxy-4-methyl-2(3H)-
thiazolethione (0.0661 g, 4.49 x 10-4 mol) and DMAP (0.0169 g, 1.38 x 10-4 mol) 
were mixed and ground in an open mortar for 4 min. A dark-red paste formed. 
The reaction mixture was taken up in dichloromethane and subjected to column 
chromatography. Hexane-diethyl ether (2:1) eluted ferrocenoyl fluoride (0.0408 
g). A second band was eluted with hexane-diethyl ether (1:2). A blue residue 
remained on the column. Removal of the solvent from the second band under 
reduced pressure gave N-ferrocenoyloxy-4-methyl-2(3H)-thiazolethione as a 
red powder (0.0810 g, 52 %). The product was characterised as described in 
6.5.4.1.5. 
 188
EXPERIMENTAL DETAILS 
 
6.5.4.2.3 Solvent-free reaction of ferrocenoyl fluoride with potassium O-
ethyl xanthate: Ferrocenoic thioanhydride 
Ferrocenoyl fluoride (0.1004g, 4.33 x 10-4 mol), potassium-O-ethyl xanthate 
(0.0647 g, 4.54 x 10-4 mol) and DMAP (0.0172 g, 1.41 x 10-4 mol) were mixed 
and ground in the dark. The mixture turned red after 1 min, formed a paste after 
3.5 min and was ground for a further 2 min. The reaction mixture was taken up 
in dichloromethane and subjected to column chromatography. A red band was 
eluted with hexane-diethyl ether (1:3). The solvent mixture was removed under 
reduced pressure and this gave ferrocenoic thioanhydride as red crystals 
(0.0909 g, 91 %), mp. 163 ˚C decomp. (lit.16 149-150°C); IR (KBr cm-1) 3448, 
3107, 2931, 2362, 1761, 1692, 1652, 1565, 1477, 1435, 1376, 1044, 831, 780, 
659, 494; 1H-NMR (CDCl3) 4.92 (4H, t, J=1.9 Hz, 2 x C5H4), 4.61 (4H, t, J=1.9 
Hz, 2 x C5H4), 4.36 (10H, s, 2 x C5H5); 13C-NMR (CDCl3) 187.0, 80.1, 73.3, 
71.1, 70.4; m/z 458 (M+, 79 %), 442 (27), 366 (10), 350 (8), 306 (12), 274 (32), 
272 (20), 214 (11), 213 (100), 209 (15), 186 (19), 185 (36), 181 (10), 131 (15), 
129 (42), 119 (13), 92 (21), 69 (56); Anal. Calc. for C22H18Fe2O2S: [M+], 
457.97263. Found: [M+], 457.97259. Crude ferrocenecarboxylic acid (0.0249 g) 
was stripped off the column with methanol. 
6.6 CATALYTIC ESTERIFICATION EXPERIMENTS 
6.6.1 ATTEMPTED CATALYTIC ESTERIFICATION WITH DIPHENYLAMMONIUM 
TRIFLATE4  
6.6.1.1 Attempted esterification in solution 
General method 12. To anhydrous toluene (5 cm3) contained in a 25 cm3 
round-bottomed flask was added benzoic acid (2.0 x 10-3 mol), 1-octanol (2.0 x 
10-3 mol) and catalytic amounts of diphenylammonium triflate (DPAT) (5 – 10 
%). The flask was fitted with a reflux condenser, which was surmounted by a 
CaCl2 drying tube. Room temperature experiments were conducted in 
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dichloromethane or [bmim][BF4] (6 cm3), after dry nitrogen was blown over the 
reaction mixture and the flask stoppered. The reaction mixture was stirred for 24 
h or 48 h, whereupon a small aliquot was extracted and subjected to TLC. The 
reaction mixture was concentrated under reduced pressure. The residue was 
then taken up in diethyl ether, washed with water and dried over anhydrous 
sodium sulphate. The ether was removed in vacuo. The residue was passed 
through a short column of silica gel and elution with a hexane provided the ester 
product. Overall yields of the ester products are quoted with respect to the 
carboxylic acid. 
6.6.1.1.1 Using 5 % DPAT at 80 °C (benzoic acid in toluene) 
Quantities: Benzoic acid (0.2495 g, 2.04 x10-3 mol), 1-octanol (0.2697 g, 2.07 x 
10-3 mol), DPAT (0.0330 g, 1.86 x 10-5 mol, 5 %) and toluene (5 cm3). The 
reaction was performed as described under the general method at 80 °C over 
48 h. Workup gave n-octyl benzoate as a colourless liquid (0.4367 g, 91 %). δH 
(CDCl3) 8.06 (2 H, d, J 7.0, ArH), 7.54 (1H, t, J 7.3, ArH), 7.46 (2H, t, J 7.2, 
ArH), 4.34 (2H, t, J 6.7, CH2), 1.77 (2H, q, J 6.7, CH2), 1.46 -1.31 (10H, m, 5 x 
CH2), 0.91 (3H, d, J 7.0 CH3); δC 167.0, 133.2, 131.0, 129.9, 128.7, 65.5, 32.2, 
29.7, 29.6, 29.1, 26.5, 23.1, 14,5; νmax (KBr)/cm-1 2954, 2925, 2855, 1720, 
1601, 1584, 1494, 1466, 1451, 1384, 1314, 1274, 1175, 1111, 1070, 1026, 952, 
710; 234 (M+, 100 %). (Found: M+, 234.16149. C15H22O2 requires M+, 
234.16198). 
6.6.1.1.2 Using 10 % DPAT at room temperature (ferrocenecarboxylic 
acid and 1-pentanol in dichloromethane ) 
Quantities: Ferrocenecarboxylic acid (0.1006 g, 4.37 x 10-4 mol), 1-pentanol 
(0.0484 g, 5.49 x 10-4 mol), DPAT (0.0140 g, 4.39 x 10-5 mol, 10 %) and 
anhydrous dichloromethane (5 cm3). The mixture was stirred at room 
temperature for 24 h and monitored by TLC. TLC and NMR analysis revealed 
the presence of unreacted ferrocenecarboxylic acid and no ester products. 
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6.6.1.1.3 Using 5 % DPAT at 80 °C (ferrocenecarboxylic acid in toluene) 
Quantities: ferrocenecarboxylic acid (0.2305 g, 1.00 x 10-3 mol), 1-octanol 
(0.1301 g, 9.99 x 10-3 mol), DPAT (0.0162 g, 5.09 x 10-5 mol, 5 %) and toluene 
(5 cm3). The reaction was performed as described under the general method at 
80 °C. During this time, the reaction mixture turned black. After 48 h, a small 
aliquot was extracted and subjected to TLC. The reaction mixture was 
concentrated and analysed by NMR spectroscopy. Both TLC and NMR analysis 
revealed the presence of unreacted ferrocenecarboxylic acid and no ester 
products.  
6.6.1.1.4 Using 10 % DPAT at 80 °C (ferrocenecarboxylic acid and 4-
methoxyphenol in toluene) 
Quantities: ferrocenecarboxylic acid (0.1012 g, 4.40 x 10-4 mol), 4-
methoxyphenol (0.0556 g, 4.48 x 10-4 mol), DPAT (0.0142 g, 4.46 x 10-5 mol, 10 
%) and anhydrous toluene (5 cm3). The reaction was performed as described 
under the general method at 80 °C. During this time, the reaction mixture turned 
black. After 48 h, TLC and NMR analysis revealed the presence of unreacted 
ferrocenecarboxylic acid and no ester product. 
6.6.1.1.5 Using 15 % DPAT at 80 °C (ferrocenecarboxylic acid and 4-
ferrocenemethanol in toluene) 
Quantities: ferrocenecarboxylic acid (0.1010 g, 4.39 x 10-4 mol), 4-
ferrocenemethanol (0.0954 g, 4.42 x 10-4 mol), DPAT (0.0214 g, 6.72 x 10-5 
mol, 15 %) and anhydrous toluene (10 cm3). The reaction was performed as 
described under the general method at 80 °C. During this time, the reaction 
mixture turned black. After 48 h, TLC and NMR analysis revealed the presence 
of unreacted ferrocenecarboxylic acid and no ester product. 
Ferrocenecarboxylic (0.0798 g, 79 %) and ferrocenemethanol (0.0538 g, 56 %) 
were recovered. 
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6.6.1.1.6 Using 100 % DPAT (ferrocenecarboxylic acid and in toluene) 
Quantities: ferrocenecarboxylic acid (0.1152 g, 5.00 x 10-4 mol), DPAT (0.1604 
g, 5.04 x 10-4 mol, 100 %) and toluene (5 cm3). The reaction was performed as 
described under the general method at 80 °C. During this time, the reaction 
mixture turned reddish. After 48 h, a small aliquot was extracted and subjected 
to TLC. The reaction mixture was concentrated and analysed by NMR. Both 
TLC and NMR analysis revealed the presence of unreacted ferrocenecarboxylic 
acid. Ferrocenecarboxylic (0.0782 g, 68 %) was recovered. 
6.6.1.1.7 Using 10 % DPAT at room temperature (ferrocenecarboxylic 
acid in [bmim][BF4]) 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43 x 10-4 mol), 4-
methoxyphenol (0.054 g, 4.34 x 10-4 mol), DPAT (0.014 g, 4.40 x 10-5 mol, 10%) 
and [bmim][BF4] (6 cm3). The reaction was performed as described under the 
general method at room temperature over 48 h. Aliquots taken at 24 h and 48 h 
were subjected to TLC, which revealed the presence of ferrocenecarboxylic 
acid and no esterification products. 
6.6.1.1.8 Using 10% DPAT at 80 °C (ferrocenecarboxylic acid in 
[bmim][BF4) 
Quantities: Ferrocenecarboxylic acid (0.101 g, 4.39 x 10-4 mol), 4-
methoxyphenol (0.053 g, 4.27 x 10-4 mol), DPAT (0.015 g, 4.71 x 10-5 mol, 10%) 
and [bmim][BF4] (6 cm3). The reaction was performed as described under the 
general method at 80 °C over 48 h. Aliquots taken at 24 h and 48 h were 
subjected to TLC, which revealed the presence of ferrocenecarboxylic acid and 
no esterification products. 
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6.6.1.1.9 Using 100% DPAT at 80 °C (ferrocenecarboxylic acid in 
[bmim][BF4) 
Quantities: Ferrocenecarboxylic acid (0.102 g, 4.43 x 10-4 mol), 4-
methoxyphenol (0.054 g, 4.34 x 10-4 mol), DPAT (0.140 g, 4.40 x 10-4 mol, 
100%) and [bmim][BF4] (6 cm3). The reaction was performed as described 
under the general method at 80 °C over 48 h. TLC analysis revealed the 
presence of ferrocenecarboxylic acid and no esterification products. 
6.6.1.2 Attempted esterification under solvent-free conditions 
General method 13. Ferrocenecarboxylic acid (5.0 x 10-4 mol), 1-octanol (5.0 x 
10-3 mol) and DPAT (10 %) were weighed into a 10 cm boiling tube. Dry 
nitrogen was blown over the reaction mixture and the tube was stoppered. The 
contents were heated in a water bath at 80 °C with intermittent stirring over a 
period of 2 days. The mixture was allowed to cool down to room temperature 
and then subjected to NMR analysis. 
6.6.1.2.1 Attempted catalytic esterification of benzoic acid at room 
temperature 
Quantities: Benzoic acid (0.2498 g, 2.05 x 10-3 mol), 1-octanol (0.2745 g, 2.11 x 
10-3 mol) and DPAT (0.0347 g, 1.09 x 10-5 mol, 5 %). The reaction was 
performed as described under the general method, except that no heat was 
applied. During this time, the mixture remained colourless. TLC and NMR 
analysis of an aliquot extracted after 48 h revealed the presence of unreacted 
benzoic acid and 1-octanol, but no ester product. A strong smell of 1-octanol 
was also observed. 
6.6.1.2.2 Attempted catalytic esterification of benzoic acid with 1-octanol 
at 80 °C 
Quantities: Benzoic acid (0.2505 g, 2.05 x 10-3 mol), 1-octanol (0.2567 g, 1.94 x 
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10-3 mol) and DPAT (0.0324 g, 1.02 x 10-5 mol, 5 %). The reaction was 
performed as described under the general method. The reaction mixture turned 
blue within 30 min and was monitored by TLC. TLC and NMR analysis of an 
aliquot extracted after 1 h revealed the presence of unreacted benzoic acid and 
n-octyl benzoate ester product. A strong odour of 1-octanol was also detected. 
The mixture was stirred and allowed to proceed for a further 2 h, whereupon it 
was cooled down to room temperature, taken up in diethyl ether (10 cm3) and 
washed twice with ice-cold dilute NaOH, followed by water (2 x 10 cm3). The 
ether layer was dried over anhydrous sodium sulphate and was concentrated 
under reduced pressure. This gave n-octyl benzoate (0.3455 g, 76 %), which 
was characterised as described in 6.6.1.1.1. 
6.6.1.2.3 Attempted catalytic esterification of ferrocenecarboxylic acid 
Quantities: Ferrocenecarboxylic acid (0.1156 g, 5.02 x 10-4 mol), 1-octanol 
(0.0870 g, 6.68 x 10-4 mol), DPAT (0.0160 g, 5.03 x 10-5 mol, 10 %). The 
reaction was performed as described under the general method at 80 °C. 
During this time, the mixture turned dark-brown. TLC and NMR analysis of an 
aliquot extracted after 48 h revealed the presence of unreacted 
ferrocenecarboxylic acid and no ester product. 
6.6.1.2.4 Attempted catalytic esterification of benzoic acid with 4-
methoxyphenol at 80 °C 
Quantities: Benzoic acid (0.2503 g, 2.05 x 10-3 mol), 4-methoxyphenol (0.2512 
g, 2.02 x 10-3 mol) and DPAT (0.0295 g, 9.28 x 10-5 mol, 5 %). The reaction was 
performed as described under the general method. During this time, the mixture 
turned blue-green. TLC and NMR analysis of an aliquot extracted after 48 h 
revealed the presence of unreacted benzoic acid and 4-methoxyphenol. 
6.6.2 ATTEMPTED CATALYTIC ESTERIFICATION WITH HAFNIUM CHLORIDE17,19 
General method 14: To toluene (15 cm3) contained in a 25 cm3 round-
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bottomed flask was added benzoic acid (9.0 x 10-3 mol), 4-methoxyphenol (9.0 
x 10-3 mol) and hafnium (IV) chloride tetrahydrofuran [HfCl4.(THF)2] (2 %) and a 
magnetic stirring bar. The flask was surmounted by a pressure-equalised 
addition funnel containing 4 Å molecular sieves (3 g) and functioning as a reflux 
condenser. The mixture was heated under reflux for 24 h, cooled down to room 
temperature and washed with ice-cold dilute NaOH, followed by water (2 x 10 
cm3). The organic layer was dried over anhydrous sodium sulphate and the 
solvent was removed under reduced pressure. 
6.6.2.1 4-methoxyphenyl benzoate 
Quantities: Benzoic acid (1.1541 g, 9.45 x 10-3 mol), 4-methoxyphenol (1.1525 
g, 2.02 x 10-3 mol) and HfCl4.(THF)2 (0.086 g, 1.84 x 10-4 mol, 2 %). The 
reaction was performed as described under the general method. Work-up gave  
4-methoxyphenyl benzoate was 1.868 g, 88 %), which was characterised as 
described in 6.4.4.1. 
6.6.2.2 Attempted esterification of ferrocenecarboxylic acid 
Quantities: ferrocenecarboxylic acid (0.5003 g, 2.17 x 10-3 mol), 4-
methoxyphenol (0.2553 g, 2.06 x 10-3 mol) and HfCl4.(THF)2 (0.0226 g, 4.87 x 
10-5 mol, 2 %). The reaction was performed as described under the general 
method. NMR analysis of the reaction mixture revealed the presence of 
unconverted ferrocenecarboxylic acid and 4-methoxyphenol, but no ester 
product. 
6.6.3 ATTEMPTED CATALYTIC ESTERIFICATION WITH SCANDIUM TRIFLATE18,19 
6.6.3.1 Attempted esterification in solution 
General method 15. To anhydrous toluene (5 cm3) contained in a 25 cm3 
round-bottomed flask was added benzoic acid (2.0 x 10-3 mol), 1-octanol (2.0 x 
10-3 mol) and catalytic amounts of scandium (III) triflate (5 – 10 %). The flask 
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was fitted with a reflux condenser, which was surmounted by a CaCl2 drying 
tube. Room temperature experiments were conducted in dichloromethane (5 
cm3), after dry nitrogen was blown over the reaction mixture and the flask 
stoppered. The reaction mixture was stirred for up to 24 h, whereupon a small 
aliquot was extracted and subjected to TLC. The reaction mixture was 
concentrated under reduced pressure. The residue was then taken up in diethyl 
ether, washed with water and dried over anhydrous sodium sulphate. The ether 
was removed in vacuo. The residue was passed through a short column of 
silica gel and elution with a hexane provided the ester product. Overall yields of 
the ester products are quoted with respect to the carboxylic acid. 
6.6.3.1.1 Attempted catalytic esterification of benzoic acid and 1-octanol 
under reflux conditions 
Quantities: Benzoic acid (0.2450 g, 2.01 x 10-3 mol), 1-octanol (0.2617 g, 2.01 x 
10-3 mol), scandium (III) triflate (0.0509 g, 1.03 x 10-4 mol, 5 %) and anhydrous 
toluene (5 cm3). The procedure was conducted as described under the general 
method for 18 h. The reaction was monitored by TLC. NMR analysis of an 
aliquot extracted after 18 h revealed the presence of unreacted benzoic acid 
and n-octyl benzoate ester product. The reaction mixture was taken up in 
diethyl ether (10 cm3) and washed twice with ice-cold dilute NaOH, followed by 
water (2 x 10 cm3). The ether layer was dried over anhydrous sodium sulphate 
and was concentrated under reduced pressure. This gave n-octyl benzoate 
ester (0.3151 g, 67 %), which was characterised as described in 6.6.1.1.1. 
6.6.3.1.2 Attempted catalytic esterification of ferrocenecarboxylic acid 
and 1-octanol under reflux conditions 
Quantities: Ferrocenecarboxylic acid (0.1018 g, 4.42 x 10-4 mol), 1-octanol 
(0.0578 g, 4.44 x 10-4 mol), scandium (III) triflate (0.0109 g, 2.21 x 10-5 mol, 5 
%) and anhydrous toluene (5 cm3). The reaction was conducted as described 
under the general method. TLC analysis of the reaction mixture after two days 
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of stirring revealed the presence of unreacted ferrocenecarboxylic acid and no 
ester product. 
6.6.3.1.3 Attempted catalytic esterification of benzoic acid and 4-
methoxyphenol under reflux conditions 
Quantities: Benzoic acid (0.2409 g, 1.97 x 10-3 mol), 4-methoxyphenol (0.2419 
g, 1.95 x 10-3 mol), scandium (III) triflate (0.0504 g, 1.02 x 10-4 mol, 5 %) and 
anhydrous toluene (5 cm3). The procedure was conducted as described under 
the general method, except that toluene was used instead of dichloromethane 
and that the reaction mixture was heated under reflux for 18 h. NMR analysis of 
an aliquot extracted after 18 h revealed the presence of unreacted benzoic acid 
and 4-methoxyphenol, but no ester product.  
6.6.3.1.4 Attempted catalytic esterification of ferrocenecarboxylic acid 
and 4-methoxyphenol at room temperature 
Quantities: Ferrocenecarboxylic acid (0.1029 g, 4.47 x 10-4 mol), 4-
methoxyphenol (0.0548 g, 4.41 x 10-4 mol), scandium (III) triflate (0.0110 g, 2.24 
x 10-5 mol, 5 %) and anhydrous dichloromethane (5 cm3). The mixture was 
stirred at room temperature and monitored by TLC over two days, as described 
under the general method. After two days TLC analysis revealed the presence 
of unreacted ferrocenecarboxylic acid and no ester product was detected. 
6.6.3.1.5 Attempted catalytic esterification of ferrocenecarboxylic acid 
and 4-methoxyphenol under reflux conditions 
Quantities: Ferrocenecarboxylic acid (0.1008 g, 4.38 x 10-4 mol), 4-
methoxyphenol (0.0552 g, 4.44 x 10-4 mol), scandium (III) triflate (0.0124 g, 2.51 
x 10-5 mol, 6 %) and anhydrous toluene (5 cm3). The procedure described under 
the general method was followed. TLC analysis of the reaction mixture after two 
days of stirring revealed the presence of unreacted ferrocenecarboxylic acid 
and no ester product. 
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6.6.3.2 Attempted esterfication under solvent-free conditions 
General method 16: Ferrocenecarboxylic acid (5.0 x 10-4 mol), 1-octanol (5.0 x 
10-3 mol) and scandium (III) triflate (5 %) were weighed into a 10 cm boiling 
tube. Dry nitrogen was blown over the reaction mixture and the tube was 
stoppered. The contents were heated in a water bath at 110 °C with intermittent 
stirring over a period of 2 days. The mixture was allowed to cool down to room 
temperature and then subjected to NMR analysis. 
6.6.3.2.1 Attempted catalytic esterification of benzoic acid and 1-octanol 
Quantities: Benzoic acid (0.2411 g, 1.97 x 10-3 mol), 1-octanol (0.2636 g, 2.02 x 
10-3 mol) and scandium (III) triflate (0.0499 g, 1.01 x 10-4 mol, 5 %). The 
reaction was performed as described under the general method and was 
monitored by TLC. TLC and NMR analysis of an aliquot extracted after 3 h 
revealed the presence of unreacted benzoic acid and n-octyl benzoate ester 
product. A strong odour of 1-octanol was also detected. The reaction mixture 
was taken up in diethyl ether (10 cm3) and washed twice with ice-cold dilute 
NaOH, followed by water (2 x 10 cm3). The ether layer was dried over 
anhydrous sodium sulphate and was concentrated under reduced pressure. 
This gave n-octyl benzoate (0.3231 g, 70 %), which was characterised as 
described in 6.6.1.1.1. 
6.6.3.2.2 Attempted catalytic esterification of benzoic acid and 4-
methoxyphenol 
Quantities: Benzoic acid (0.2413 g, 1.98 x 10-3 mol), 4-methoxyphenol (0.2505 
g, 2.02 x 10-3 mol) and scandium (III) triflate (0.0502 g, 1.02 x 10-4 mol, 5 %). 
The reaction was performed as described under the general method and was 
monitored by TLC over 24 h. TLC and NMR analysis of an aliquot extracted 
after 24 h revealed the presence of unreacted benzoic acid and 4-
methoxyphenol, but no ester product. 
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6.6.3.2.3 Attempted catalytic esterification of ferrocenecarboxylic acid 
and 1-octanol 
Quantities: ferrocenecarboxylic acid (0.1005 g, 4.39 x 10-4 mol), 1-octanol 
(0.0563 g, 4.33 x 10-4 mol), scandium (III) triflate (0.0106 g, 2.15 x 10-5 mol, 5 
%). The reaction was performed as described under the general method at 80 
°C. During this time, the reaction mixture turned black and gummy overnight. 
After 24 h, a small aliquot was extracted and subjected to TLC and NMR 
analysis. Both TLC and NMR analysis revealed the presence of unreacted 
ferrocenecarboxylic acid and no ester products. 
6.6.3.2.4 Attempted catalytic esterification of ferrocenecarboxylic acid 
and 4-methoxyphenol 
Quantities: ferrocenecarboxylic acid (0.1014 g, 4.41 x 10-4 mol), 4-
methoxyphenol (0.0536 g, 4.42 x 10-4 mol), scandium (III) triflate (0.0108 g, 2.19 
x 10-5 mol, 5 %). The reaction was performed as described under the general 
method at 80 °C. During this time, the reaction mixture turned black and gummy 
overnight. After 24 h, a small aliquot was extracted and subjected to TLC and 
NMR analysis. Both TLC and NMR analysis revealed the presence of unreacted 
ferrocenecarboxylic acid and no ester products. 
6.6.4 ATTEMPTED CATALYTIC ESTERIFICATION WITH ALUMINIUM TRIFLATE 
6.6.4.1 Attempted esterification in solution 
General method 17. To anhydrous toluene (5 cm3) contained in a 25 cm3 
round-bottomed flask was added benzoic acid (2.0 x 10-3 mol), 1-octanol (2.0 x 
10-3 mol) and catalytic amounts of aluminium (III) triflate (5 – 30 %). The flask 
was fitted with a reflux condenser, which was surmounted by a CaCl2 drying 
tube. Room temperature experiments were conducted in dichloromethane (6 
cm3), after dry nitrogen was blown over the reaction mixture and the flask 
stoppered. The reaction mixture was refluxed for up to 24 h, whereupon a small 
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aliquot was extracted and subjected to TLC. The reaction mixture was 
concentrated under reduced pressure. The residue was then taken up in diethyl 
ether, washed with water and dried over anhydrous sodium sulphate. The ether 
was removed in vacuo. The residue was passed through a short column of 
silica gel and elution with a hexane provided the ester product. Overall yields of 
the ester products are quoted with respect to the carboxylic acid. 
6.6.4.1.1 Attempted catalytic esterification of benzoic acid and 1-octanol 
under reflux conditions 
Quantities: Benzoic acid (0.2446 g, 2.00 x 10-3 mol), 1-octanol (0.2623 g, 2.02 x 
10-3 mol), aluminium (III) triflate (0.0479 g, 1.01 x 10-4 mol, 5 %) and anhydrous 
toluene (5 cm3). The procedure was conducted as described under the general 
method, except that toluene was used instead of dichloromethane and the 
mixture was heated under reflux for the entire 18 h period. The reaction was 
monitored by TLC. NMR analysis of an aliquot extracted after 18 h revealed the 
presence of unreacted benzoic acid and n-octyl benzoate ester product. The 
reaction mixture was taken up in diethyl ether (10 cm3) and washed twice with 
ice-cold dilute NaOH, followed by water (2 x 10 cm3). The ether layer was dried 
over anhydrous sodium sulphate and concentrated under reduced pressure. 
This gave n-octyl benzoate (0.4013 g, 85 %), which was characterised as 
described in 6.6.1.1.1. 
6.6.4.1.2 Attempted catalytic esterification of ferrocenecarboxylic acid 
and 1-octanol under reflux conditions 
Quantities: Ferrocenecarboxylic acid (0.0995 g, 4.33 x 10-4 mol), 1-octanol 
(0.0562 g, 4.32 x 10-4 mol), aluminium (III) triflate (0.0102 g, 2.17 x 10-5 mol, 5 
%) and anhydrous toluene (5 cm3). The procedure was conducted as described 
under the general method, except that toluene was used instead of 
dichloromethane and that the mixture was heated under reflux for 24 h. The 
mixture blackened while being refluxed. TLC analysis of the cooled reaction 
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mixture revealed the presence of unreacted ferrocenecarboxylic acid and no 
ester product. 
6.6.4.1.3 Attempted catalytic esterification of benzoic acid and 4-
methoxyphenol under reflux conditions 
Quantities: Benzoic acid (0.2414 g, 1.98 x 10-3 mol), 4-methoxyphenol (0.2411 
g, 1.94 x 10-3 mol), aluminium (III) triflate (0.0479 g, 1.02 x 10-4 mol, 5 %) and 
anhydrous toluene (5 cm3). The reaction mixture was refluxed for 18 h. NMR 
analysis of an aliquot extracted after 18 h revealed the presence of unreacted 
benzoic acid and 1-octanol, but no ester product. 
6.6.4.1.4 Attempted catalytic esterification of ferrocenecarboxylic acid 
and 4-methoxyphenol at room temperature 
Quantities: Ferrocenecarboxylic acid (0.1010 g, 4.39 x 10-4 mol), 4-
methoxyphenol (0.0542 g, 4.42 x 10-4 mol), aluminium (III) triflate (0.0104 g, 
2.19 x 10-5 mol, 5 %) and anhydrous dichloromethane (5 cm3). The mixture was 
stirred at room temperature and monitored by TLC over two days, as described 
under the general method. TLC analysis of an aliquot extracted after 24 h 
revealed the presence of unreacted ferrocenecarboxylic acid, but no ester 
product. 
6.6.4.1.5 Attempted catalytic esterification of ferrocenecarboxylic acid 
and 4-methoxyphenol under reflux conditions 
Quantities: Ferrocenecarboxylic acid (0.1001 g, 4.35 x 10-4 mol), 4-
methoxyphenol (0.0552 g, 4.45 x 10-4 mol), aluminium (III) triflate (0.0114 g, 
2.40 x 10-5 mol, 5 %) and anhydrous toluene (5 cm3). The procedure was 
conducted as described under the general method, except that toluene was 
used instead of dichloromethane and that the mixture was heated under reflux 
for 16 h. The mixture blackened while being refluxed. TLC analysis of the 
cooled reaction mixture revealed the presence of unreacted ferrocenecarboxylic 
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acid and no ester product. 
6.6.4.2 Attempted esterification under solvent-free conditions 
General method 18: The experiments were performed according to the general 
method described in Section 6.6.1.2, except that aluminium (III) triflate was 
used instead of diphenylammonium triflate. 
6.6.4.2.1 Attempted catalytic esterification of benzoic acid and 1-octanol 
Quantities: Benzoic acid (0.2409 g, 1.97 x 10-3 mol), 1-octanol (0.2617 g, 2.01 x 
10-3 mol) and aluminium (III) triflate (0.0490 g, 1.03 x 10-4 mol, 5 %). The 
reaction was performed as described under the general method and was 
monitored by TLC. After 3 h, a small aliquot was extracted and subjected to 
TLC. Another aliquot was analysed by NMR spectroscopy. Both TLC and NMR 
analysis revealed the presence of unreacted benzoic acid and n-octyl benzoate 
ester product. A strong smell of the 1-octanol was also detected. The reaction 
mixture was taken up in diethyl ether (10 cm3) and washed twice with ice-cold 
dilute NaOH, followed by water (2 x 10 cm3). The ether layer was dried over 
anhydrous sodium sulphate and concentrated under reduced pressure. This 
gave n-octyl benzoate ester 0.3097 g, 67 %), which was characterised as 
described in 6.6.1.1.1. 
6.6.4.2.2 Attempted catalytic esterification of benzoic acid and 4-
methoxyphenol 
Quantities: Benzoic acid (0.2413 g, 1.98 x 10-3 mol), 4-methoxyphenol (0.2418 
g, 1.95 x 10-3 mol) and aluminium (III) triflate (0.0512 g, 1.08 x 10-4 mol, 5 %). 
The reaction was performed as described under the general method and was 
monitored by TLC over 24 h. After 24 h, a small aliquot was extracted and 
subjected to TLC. Another aliquot was analysed by NMR spectroscopy. Both 
TLC and NMR analysis revealed the presence of unreacted benzoic acid and 4-
methoxyphenol, but no ester product. 
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6.6.4.2.3 Attempted catalytic esterification of ferrocenecarboxylic acid at 
room temperature 
Ferrocenecarboxylic acid (0.1005 g, 4.37 x 10-4 mol), 4-methoxyphenol (0.0544 
g, 4.38 x 10-4 mol) and aluminium (III) triflate (0.0112 g, 2.36 x 10-5 mol, 5 %) 
were ground together in an open mortar under ambient conditions for 2 min. A 
brown paste formed which was allowed to stand for 3 min. TLC and IR analysis 
of this paste revealed no ester product. More aluminium (III) triflate (0.0094 g, 
1.98 x 10-5 mol) was added to the same paste to increase the catalyst amount 
to 10 % and grinding the mixture was resumed. N,N-dimethylaminopyridine 
(0.0054 g, 4.42 x 10-5 mol) was added. The paste softened and remained so 
after 20 min. TLC analysis revealed no ester formation. Further TLC analysis 
was carried out after the reaction paste was left standing overnight (18 h). This 
revealed the presence of starting ferrocenecarboxylic acid and no ester product. 
6.6.4.2.4 Attempted catalytic esterification of ferrocenecarboxylic acid 
and 4-methoxyphenol 
Quantities: Ferrocenecarboxylic acid (0.1002 g, 4.36 x 10-4 mol), 4-
methoxyphenol (0.0524 g, 4.22 x 10-4 mol), aluminium (III) triflate (0.0112 g, 
2.36 x 10-5 mol, 5 %). The reaction was performed as described under the 
general method at 110 °C. During this time, the reaction mixture turned black 
and gummy overnight. After 24 h, a small aliquot was extracted and subjected 
to TLC and NMR analysis. Both TLC and NMR analysis revealed the presence 
of unreacted ferrocenecarboxylic acid and no ester products. 
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6.7 SUZUKI CROSS-COUPLING REACTIONS 
6.7.1 MONOARYLFERROCENES 
General method 15. To degassed home-made [bmim][BF4] (6 cm3) contained 
in a 25 cm3 round-bottomed flask was added iodoferrocene (0.20 g, 6.3 x 10-4 
mol), the aryl boronic acid (1.4 x10-3 mol), Ba(OH)2.8H2O (0.35 g, 1.1 x 10-3 
mol) and Pd(OAc)2 (0.06 g, 2.8 x 10-4 mol). Dry nitrogen was blown over the 
reaction mixture and the flask stoppered. The reaction was first shaken 
mechanically for 30 minutes and then stirred at room temperature for 7 days, at 
the end of which it was extracted with diethyl ether. The ethereal extract was 
washed with water (3 x 50 cm3) and dried overnight over anhydrous sodium 
sulfate. The sodium sulfate was filtered off and the ether removed in vacuo. The 
residue was passed through a short silica gel column and the crude product 
eluted with a hexane-dichloromethane (4:1) solution. The product was then 
purified on preparative silica gel TLC plates. Yields of monophenylferrocenes 
are quoted with respect to the amount of iodoferrocene used. 
6.7.1.1 4-Methylphenylferrocene 
Quantities: Iodoferrocene (0.227 g, 7.28 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.190 g, 1.4 x10-3 mol), Ba(OH)2.8H2O (0.357 g, 1.13 x 10-3 mol), 
Pd(OAc)2 (0.059 g, 2.63 x 10-4 mol), [bmim][BF4] (6 cm3). Workup gave 
unreacted iodoferrocene (0.094 g, 41 %) and 4-methylphenylferrocene as 
orange crystals (0.082 g 43 %), mp. 138.7 – 140.5 °C (lit.20 139 – 140 °C); 
δH(CDCl3) 7.40 (2H, d, J 7.8, ArH), 7.11 (2H, d, J 7.8, ArH), 4.63 (2H, t, J 1.8, 
C5H4), 4.30 (2H, t, J 1.8, C5H4), 4.06 (5H, s, C5H5), 2.34 (3H, s, CH3); δC(CDCl3) 
136.4, 135.9, 129.4, 126.5, 86.2, 69.9, 69.0, 66.7, 21.5; νmax(KBr) cm-1 2920, 
1591, 1511, 1448, 1409, 1384, 1278, 1261, 1103, 1087, 1000, 882, 840, 820, 
705, 644, 601, 517; m/z 277 (34%), 276 (M+, 100), 211 (7), 121 (18). 
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6.7.1.2 Phenylferrocene 
Quantities: Iodoferrocene (0.216 g, 6.924 x 10-4 mol), phenylboronic acid (0.169 
g, 1.39 x10-3 mol), Ba(OH)2.8H2O (0.346 g, 1.10 x 10-3 mol), Pd(OAc)2 (0.059 g, 
2.63 x 10-4 mol), [bmim][BF4] (6 cm3). Workup gave unreacted iodoferrocene 
(0.124 g, 57 %) and phenylferrocene as orange crystals (0.060 g, 33 %), mp. 
110 °C (lit.21 109 – 110 °C); δH(CDCl3) 7.47 (2H, d, J 7.5, ArH), 7.30 (2H, d, J 
7.3, ArH), 7.20 (1H, t, J 7.3, ArH), 4.71 (2H, t, J 1.8, C5H4), 4.37 (2H, t, J 1.8, 
C5H4), 4.10 (5H, s, C5H5); δC(CDCl3) 141.1, 138.0, 128.7, 126.5, 126.3, 70.0, 
69.3, 66.9; νmax(KBr) cm-1 3110, 2368, 1590, 1512, 1448, 1407, 1338, 1277, 
1261, 1104, 1087, 1028, 1008, 882, 822, 703, 635, 518; m/z 262 (M+, 100%). 
6.7.1.3 4-Methoxyphenylferrocene 
Quantities: Iodoferrocene (0.203 g, 6.508 x 10-4 mol), 4-methoxyphenylboronic 
acid (0.195 g, 1.28 x10-3 mol), Ba(OH)2.8H2O (0.354 g, 1.12 x 10-3 mol), 
Pd(OAc)2 (0.059 , 2.63 x 10-4 mol), [bmim][BF4] (6 cm3). Workup gave 
unreacted iodoferrocene (0.116 g, 57.2%) and 4-methoxyphenylferrocene as 
orange crystals (0.068 g, 36 %), mp. 111 – 112 °C (lit.22 112 – 114 °C); 
δH(CDCl3) 7.50 (2H, d, J 8.5, ArH), 6.98 (2H, d, J 8.5, ArH), 4.64 (2H, t, J 1.8, 
C5H4), 4.33 (2H, t, J 1.8, C5H4), 4.09 (5H, s, C5H5), 3.86 (3H, s, OCH3); 
δC(CDCl3) 139.1, 133.9, 128.1, 127.6, 114.6, 114.2, 55.8, 55.7; νmax(KBr) cm-1 
3081, 2924, 2365, 1887, 1734, 1590, 1512, 1449, 1407, 1383, 1278, 1183, 
1104, 1087, 1028, 1008, 883, 820, 710, 643, 517; m/z 292 (M+, 100%), 211 (7), 
121 (18). 
6.7.1.4 3,4,5-Trimethoxyphenylferrocene 
Quantities: Iodoferrocene (0.203 g, 6.508 x 10-4 mol), 3,4,5-
trimethoxyphenylboronic acid (0.275 g, 1.30 x10-3 mol), Ba(OH)2.8H2O (0.352 g, 
1.12 x 10-3 mol), Pd(OAc)2 (0.065 g, 2.90 x 10-4 mol), [bmim][BF4] (6 cm3). 
Workup gave unreacted iodoferrocene (0.096 g, 47 %) and 3,4,5-
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trimethoxyphenylferrocene as orange crystals (0.086 g, 37 %), mp. 125 – 126 
°C; δH(CDCl3) 6.69 (2H, s, ArH), 4.64 (2H, t, J 1.8, C5H4), 4.35 (2H, t, J 1.8, 
C5H4), 4.13 (5H, s, C5H5), 3.93 (6H, s, 2 x OCH3), 3.88 (3H, s, OCH3); 
δC(CDCl3) 153.4, 137.1, 135.3, 104.1, 70.3, 69.4, 67.2, 61.3, 56.6, 44.1, 30.1; 
νmax (KBr) cm-1 3103, 2925, 2853, 1733, 1581, 1518, 1458, 1420, 1390, 1328, 
1253, 1180, 1128, 1010, 867, 832, 807, 762, 730, 680, 511, 486; m/z 353 (23), 
352 (M+, 100%), 337 (3), 336 (6), 294 (5), 271 (3), 176 (8), 121 (6), 56 (2); 
(Found M+, 352.07691; C, 64.2%; H, 5.8% C19H20FeO3 requires M+, 352.07618; 
C, 64.4%; H, 5.7%).  
6.7.1.5 4-Bromophenylferrocene 
Quantities: Iodoferrocene (0.204 g, 6.54 x 10-4 mol), 4-bromophenylboronic acid 
(0.258 g, 1.28 x10-3 mol), Ba(OH)2.8H2O (0.357 g, 1.13 x 10-3 mol), Pd(OAc)2 
(0.062 g, 2.76 x 10-4 mol), [bmim][BF4] (6 cm3). Workup gave unreacted 
iodoferrocene (0.106 g, 52 %) and 4-bromophenylferrocene as orange crystals 
(0.080 g, 39 %), mp. 120.3 – 120.6 °C (lit.23 121 – 125 °C); δH(CDCl3) 7.41 (2H, 
d, J 8.6, ArH), 7.34 (2H, d, J 8.1, ArH), 4.63 (2H, t, J 1.6, C5H4), 4.35 (2H, t, J 
1.7, C5H4), 4.06 (5H, s, C5H5); δC(CDCl3) 138.9, 131.8, 128.0, 120.0, 84.5, 70.1, 
69.6, 66.9; νmax(KBr) cm-1 3080, 2926, 1891, 1733, 1654, 1590, 1512, 1448, 
1407, 1384, 1278, 1184, 1104, 1087, 1028, 1104, 1087, 1028, 1000, 883, 821, 
644, 519; m/z 343 (18%), 342 (96), 341 (22), 340 (M+, 100%), 260 (3), 205 (23), 
203 (10), 202(9). 
6.7.1.6 4-Acetylphenylferrocene 
Quantities: Iodoferrocene (0.202 g, 6.48 x 10-4 mol), 4-acetylphenylboronic acid 
(0.212 g, 1.29 x10-3 mol), Ba(OH)2.8H2O (0.353 g, 1.12 x 10-3 mol), Pd(OAc)2 
(0.065 g, 2.90 x 10-4 mol), [bmim][BF4] (6 cm3). Workup gave unreacted 
iodoferrocene (0.101 g, 50 %) and 4-acetylphenylferrocene as orange crystals 
(0.081 g, 41 %), mp. 172.2 °C (lit.24 176 – 178 °C); δH(CDCl3) 7.90 (2H, d, J 8.4, 
ArH), 7.55 (2H, d, J 8.4, ArH), 4.74 (2H, t, J 1.7, C5H4), 4.43 (2H, t, J 1.7, C5H4), 
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4.06 (5H, s, C5H5), 2.62 (3H, s, COCH3); δC(CDCl3) 198.0, 135.0, 129.0, 126.1, 
83.6, 70.3, 70.2, 67.3, 26.9; νmax(KBr) cm-1 3102, 2966, 2903, 1668, 1602, 
1562, 1414, 1360, 1274, 1104, 1030, 962, 886, 838, 807, 694, 589, 524; m/z 
303 (M+, 100%), 261 (15), 1525 (2), 144 (11), 121 (9), 56 (7), 43 (4). 
6.7.1.7 4-Formylphenylferrocene 
Quantities: Iodoferrocene (0.205 g, 6.57 x 10-4 mol), 4-formylphenylboronic acid 
(0.190 g, 1.27 x10-3 mol), Ba(OH)2.8H2O (0.357 g, 1.13 x 10-3 mol), Pd(OAc)2 
(0.067 g, 2.98 x 10-4 mol), [bmim][BF4] (6 cm3). Workup gave unreacted 
iodoferrocene (0.090 g, 44 %) and 4-formylphenylferrocene as red-orange 
crystals (0.074 g, 37 %), mp. 134-135 °C (lit.22 136.5 – 137 °C); δH(CDCl3) 9.99 
(1H, s, CHO), 7.82 (2H, d, J 8.4, ArH), 7.62 (2H, d, J 8.3, ArH), 4.76 (2H, t, J 
1.9, C5H4), 4.45 (2H, t, J 1.9, C5H4), 4.07 (5H, s, C5H5); δC(CDCl3) 192.1, 147.7, 
134.4, 130.4, 126.5, 83.2, 70.6, 67.5; νmax (KBr) cm-1 3080, 2952, 2360, 1892, 
1731, 1590, 1512, 1449, 1407, 1384, 1278, 1104, 1088, 1028, 1000, 883, 821, 
711, 644, 594, 518; m/z 290 (M+, 100%), 261 (5), 225 (2), 203 (3), 169 (2), 145 
(9), 141 (8), 139 (5), 121 (23), 115 (5). 
6.7.1.8 4-Fluorophenylferrocene 
Quantities: Iodoferrocene (0.2020 g, 6.49 x 10-4 mol), 4-fluorophenylboronic 
acid (0.1727 g, 1.23 x10-3 mol), Ba(OH)2.8H2O (0.3594 g, 1.14 x 10-3 mol), 
Pd(OAc)2 (0.0601 g, 2.68 x 10-4 mol), [bmim][BF4] (6 cm3). Workup gave 
unreacted iodoferrocene (0.0687 g, 34 %) and 4-fluorophenylferrocene as red 
crystals (0.0988 g, 54 %), mp. 102 °C (lit.25 101 – 104 °C); δH (CDCl3) 7.45 (2H, 
d, J 8.4, ArH), 7.00 (2H, d, J 8.4, ArH), 4.61 (2H, t, J 1.8, C5H4), 4.33 (2H, t, J 
1.8, C5H4), 4.07 (5H, s, C5H5); δC(CDCl3) 135.5, 127.9, 127.8, 115.7, 115.5, 
70.1, 69.3, 66.9; νmax (KBr) cm-1 1567, 1413, 1214, 1152, 1089, 1006, 891, 807, 
630, 578, 504; m/z 280 (M+, 100%), 215 (3), 159 (6). 
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6.7.1.9 2,3-Difluorophenylferrocene 
Quantities: Iodoferrocene (0.2014 g, 6.46 x 10-4 mol), 2,3-difluorophenylboronic 
acid (0.1999 g, 1.27 x10-3 mol), Ba(OH)2.8H2O (0.355 g, 1.12 x 10-3 mol), 
Pd(OAc)2 (0.0657 g, 2.93 x 10-4 mol), [bmim][BF4] (6 cm3). Workup gave 
unreacted iodoferrocene (0.073 g, 35 %) and 2,3-difluorophenylferrocene as a 
red oil (0.0664 g, 34 %); δH(CDCl3) 7.25 (1H, m, ArH), 7.04 – 6.99 (2H, m, ArH), 
4.77 (2H, t, J 1.8, C5H4), 4.39 (2H, t, J 1.8, C5H4), 4.11 (5H, s, C5H5); δC(CDCl3) 
129.9, 129.8, 124.1, 123.8, 114.7, 114.5, 79.1, 70.2, 69.8, 68.7; νmax (KBr) cm-1 
3108, 1626, 1585, 1508, 1479, 1444, 1412, 1391, 1261, 1224, 1125, 1099, 
1036, 1004, 936, 820, 778, 721; m/z 298 (M+, 100%), 296 (6), 139 (21), 121 
(11), 56 (6). (Found M+, 298.02596. C16H12F2Fe requires M+, 298.02565).  
6.7.2 OPTIMIZATION OF SUZUKI CROSS-COUPLING RESULTS 
General procedure: Unless otherwise stated, all reactions were performed in 
degassed commercially sourced “High Purity” grade [bmim][BF4] in accordance 
with “General method 19” (Section 6.7.1). 
6.7.2.1 Effect of changing the base 
6.7.2.1.1 4-Methylphenylferrocene 
In a N2 glove box, iodoferrocene (0.2011 g, 6.45 x 10-4 mol), 4-
methylbenzeneboronic acid (0.1803 g, 1.19 x 10-3 mol), Ba(OH)2.8H2O (0.3501 
g, 1.11 x 10-3 mol) and Pd(OAc)2 (0.0610 g, 2.72 x 10-4 mol) were pre-mixed by 
grinding the dry material in a mortar and then stirred for 7 days in degassed 
[bmim][BF4] (6 cm3) contained in 25 cm3 round-bottom flask. Workup gave 
unreacted iodoferrocene (0.0981, 49 %) and 4-methylphenylferrocene (0.0494 
g, 1.79 x 10-4 mol, 28 %), which was characterised as described previously. 
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6.7.2.1.2 4-Methylphenylferrocene (change of base: K2CO3·1.5H2O)  
In a N2 glove box, iodoferrocene (0.2009 g, 6.44 x 10-4 mol), 4-
methylbenzeneboronic acid (0.1795 g, 1.32 x 10-3 mol), K2CO3·1.5H2O, 
K2CO3·1.5H2O, (0.1740 g, 1.05 x 10-3 mol) and Pd(OAc)2 (0.0611 g, 2.72 x 10-4 
mol) were pre-mixed by grinding in a mortar and then stirred for 7 days in 
degassed [bmim][BF4] (6 cm3) contained in 25 cm3 round-bottom flask. Workup 
gave unreacted iodoferrocene (0.0838, 42 %) and 4-methylphenylferrocene 
(0.0526 g, 1.90 x 10-4 mol, 30 %), which was characterised as described 
previously. 
6.7.2.1.3 4-Methylphenylferrocene (increased amount of base: 
K2CO3·1.5H2O)  
In a N2 glove box, iodoferrocene (0.2009 g, 6.44 x 10-4 mol), 4-
methylbenzeneboronic acid (0.1890 g, 1.39 x 10-3 mol), K2CO3·1.5H2O (0.2531 
g, 1.53 x 10-3 mol) and Pd(OAc)2 (0.0610 g, 2.72 x 10-4 mol) were pre-mixed by 
grinding in a mortar and then stirred for 7 days in degassed [bmim][BF4] (6 cm3) 
contained in 25 cm3 round-bottom flask. Workup gave unreacted iodoferrocene 
(0.0869, 43 %) and 4-methylphenylferrocene (0.0545 g, 1.97 x 10-4 mol, 31 %), 
which was characterised as described previously. 
6.7.2.1.4 4-Methylphenylferrocene (change of base: NaOAc·3H2O)  
In a N2 glove box, iodoferrocene (0.2005 g, 6.43 x 10-4 mol), 4-
methylbenzeneboronic acid (0.1832 g, 1.35 x 10-3 mol), NaOAc·3H2O (0.0902 g, 
6.63 x 10-4 mol) and Pd(OAc)2 (0.0619 g, 2.76 x 10-4 mol) were pre-mixed by 
grinding in a mortar and then stirred for 7 days in degassed [bmim][BF4] (6 cm3) 
contained in 25 cm3 round-bottom flask. Workup gave unreacted iodoferrocene 
(0.1521, 76 %) and 4-methylphenylferrocene (0.0236 g, 8.54 x 10-5 mol, 13 %), 
which was characterised as described previously. 
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6.7.2.2 Effect of increasing reaction time 
6.7.2.2.1 4-Methylphenylferrocene (14 days) 
Quantities: Iodoferrocene (0.2029 g, 6.50 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.1776 g, 1.31 x 10-3 mol), Ba(OH)2.8H2O (0.3545 g, 1.12 x 10-3 mol) and 
Pd(OAc)2 (0.0626 g, 2.79 x 10-4 mol) were pre-mixed by grinding in a mortar 
and then stirred for 14 days in degassed [bmim][BF4] (6 cm3) contained in 25 
cm3 round-bottom flask. Workup gave unreacted iodoferrocene (0.0690 g, 3.47 
x 10-4 mol, 34 %) and 4-methylphenylferrocene (0.0583 g, 1.95 x 10-4 mol, 30 
%), which was characterised as described previously. 
6.7.2.2.2 4-Methylphenylferrocene (21 days) 
Quantities: Iodoferrocene (0.2015 g, 6.46 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.1996 g, 1.47 x 10-3 mol), Ba(OH)2.8H2O (0.3560 g, 1.13 x 10-3 mol) and 
Pd(OAc)2 (0.0604 g, 2.69 x 10-4 mol) were pre-mixed by grinding the dry 
material in a mortar and then stirred for 7 days in degassed [bmim][BF4] (6 cm3) 
contained in 25 cm3 round-bottom flask. Workup gave unreacted iodoferrocene 
(0.0484 g, 1.55 x 10-4 mol, 24 %) and 4-methylphenylferrocene (0.0517 g, 1.87 
x 10-4 mol, 29 %), which was characterised as described previously. 
6.7.2.3 Effect of changing the subtrate 
Quantities: Bromoferrocene (0.1995 g, 7.53 x 10-4 mol), benzeneboronic acid 
(0.1953 g, 1.60 x 10-3 mol), Ba(OH)2.8H2O (0.3508 g, 1.11 x 10-3 mol) and 
Pd(OAc)2 (0.0688 g, 3.06 x 10-4 mol) were pre-mixed by grinding the dry 
material in a mortar and then stirred for 7 days in degassed [bmim][BF4] (6 cm3) 
contained in 25 cm3 round-bottom flask. Workup gave unreacted 
bromoferrocene (0.1372 g, 5.17 x 10-4 mol, 67 %) and phenylferrocene (0.0288 
g, 1.10 x 10-4 mol, 15 %). 
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6.7.2.4 Effect of changing the solvent system 
6.7.2.4.1 4-Methylphenylferrocene (ethanol)26 
Quantities: Iodoferrocene (1.0751 g, 3.45 x 10-3 mol), 4-methylbenzeneboronic 
acid (0.8910 g, 6.54 x 10-3 mol), Ba(OH)2.8H2O (1.4892 g, 4.72 x 10-3 mol) and 
Pd(OAc)2 (0.204 g, 9.09 x 10-4 mol) were pre-mixed by grinding the dry material 
in a mortar and then stirred in a mixture of degassed 95 % aqueous ethanol (6 
cm3) contained in 25 cm3 round-bottom flask. Workup gave 4-
methylphenylferrocene (0.5113 g, 1.85 x 10-3 mol, 54 %), which was 
characterised as described previously. 
6.7.2.4.2 4-Methylphenylferrocene ([bmim][I]) 
Quantities: Iodoferrocene (0.204 g, 6.45 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.200 g, 1.46 x 10-3 mol), Ba(OH)2.8H2O (0.340 g, 1.08 x 10-3 mol) and 
Pd(OAc)2 (0.061 g, 2.72 x 10-4 mol) and degassed [bmim][I] (6 cm3). the 
reaction was performed as described under the general method in Section 
6.7.1. Workup gave iodoferrocene (0.179 g, 88 %) but no 4-methyl-
phenylferrocene. 
6.7.2.4.3 4-Methylphenylferrocene ([bmim][PF6]) 
Quantities: Iodoferrocene (0.201 g, 6.44 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.194 g, 1.43 x 10-3 mol), Ba(OH)2.8H2O (0.353 g, 1.12 x 10-3 mol) and 
Pd(OAc)2 (0.067 g, 3.00 x 10-4 mol) and degassed [bmim][PF6] (6 cm3). The 
reaction was performed as described under the general method in Section 
6.7.1. Workup gave iodoferrocene (0.175 g, 87 %) but no 4-methyl-
phenylferrocene. 
6.7.2.4.4 4-Methylphenylferrocene (aqueous) 
Quantities: Iodoferrocene (0.2005 g, 6.43 x 10-4 mol), 4-methylbenzeneboronic 
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acid (0.1813 g, 1.33 x 10-3 mol), Ba(OH)2.8H2O (0.3538 g, 1.12 x 10-3 mol) and 
Pd(OAc)2 (0.0606 g, 2.70 x 10-4 mol) were pre-mixed by grinding the dry 
material in a mortar and then stirred in a mixture of degassed [bmim][BF4] (4 
cm3) and distilled water (2 cm3) contained in 25 cm3 round-bottom flask. Workup 
gave unconverted iodoferrocene (0.1081 g, 3.47 x 10-4 mol, 54 %) and 4-
methylphenylferrocene (0.0695 g, 2.52 x 10-4 mol, 39 %), which was 
characterised as described previously. 
6.7.2.4.5 4-Methylphenylferrocene (aqueous, K2CO3·1.5H2O)  
Quantities: Iodoferrocene (0.2002 g, 6.42 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.1809 g, 1.33 x 10-3 mol), K2CO3·1.5H2O, (0.1774 g, 1.07 x 10-3 mol) and 
Pd(OAc)2 (0.0623 g, 2.77 x 10-4 mol) were pre-mixed by grinding the dry 
material in a mortar and then stirred in a mixture of degassed [bmim][BF4] (4 
cm3) and distilled water (2 cm3) contained in 25 cm3 round-bottom flask. Workup 
gave unreacted iodoferrocene (0.1390 g, 69 %) and 4-methylphenylferrocene 
(0.0453 g, 1.64 x 10-4 mol, 26 %), which was characterised as described 
previously. 
6.7.2.4.6 4-Methylphenylferrocene (aqueous, NaOAc·3H2O)  
Quantities: Iodoferrocene (0.2007 g, 6.43 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.1746 g, 1.28 x 10-3 mol), NaOAc·3H2O (0.1703 g, 1.25 x 10-3 mol) and 
Pd(OAc)2 (0.0637 g, 2.84 x 10-4 mol) were pre-mixed by grinding the dry 
material in a mortar and then stirred in a mixture of degassed [bmim][BF4] (4 
cm3) and distilled water (2 cm3) contained in 25 cm3 round-bottom flask. Workup 
gave unreacted iodoferrocene (0.1609 g, 80 %) and 4-methylphenylferrocene 
(0.0421 g, 1.52 x 10-4 mol, 24 %), which was characterised as described 
previously. 
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6.7.2.5 Effect of heat (with catalyst preactivation)27 
General method 16: All mixing and catalyst weighing was carried out under an 
atmosphere of N2 in a glove box. [Bmim][BF4] (5 cm3) contained in a 50 cm3 
Round-bottomed flask was de-aerated by purging with N2 and degassed. 
Pd(PPh3)4 (2.6 x 10-5 mol) was added and stirred. To this was added 
iodoferrocene (6.4 x 10-4 mol) and the mixture was heated at 110 °C with 
vigorous stirring for 10 min. The mixture was allowed to cool down to room 
temperature. 4-Methylbenzeneboronic acid (7.0 x 10-4 mol) and an aqueous 
solution of Na2CO3 (1.3 x 10-3 mol) in distilled water (2 cm3) was added. The 
flask was sealed and the mixture heated with stirring for a further 10 min or 24 
h. During this period the temperature was maintained at 80 °C. Thereafter the 
mixture was transferred to a liquid-liquid extractor for continuous extraction of 
the organic products with diethyl ether until the ether exracts were clear. The 
combined ether extract was washed with water (3 x 20 cm3), and then passed 
through a silica gel column. iodoferrocene was eluted with hexane and 4-
methylphenylferrocene by hexane-ether (6:1). 
6.7.2.5.1 4-Methylphenylferrocene (10 min, 1.1 eq boronic acid) 
Quantities: Iodoferrocene (0.1999 g, 6.41 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.0983 g, 7.34 x 10-4 mol, 1.1 eq), Na2CO3 (0.1431 g, 1.35 x 10-3 mol, 2 
eq) and Pd(PPh3)4 (0.03 g, 2.6 x 10-5 mol, 4 %), [bmim][BF4] (5 cm3) and 
distilled water (2 cm3). Workup gave unreacted iodoferrocene (0.1247 g, 62 %) 
and 4-methylphenylferrocene (0.0462 g, 1.67 x 10-4 mol, 26 %), which was 
characterised as described previously. 
6.7.2.5.2 4-Methylphenylferrocene (10 min, 1.5 eq boronic acid) 
Quantities: Iodoferrocene (0.2009 g, 6.44 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.1319 g, 9.70 x 10-4 mol, 1.5 eq), Na2CO3 (0.1436 g, 1.36 x 10-3 mol, 2 
eq) and Pd(PPh3)4 (0.03 g, 2.6 x 10-5 mol, 4 %), [bmim][BF4] (5 cm3) and 
distilled water (2 cm3). The reaction mixture turned brown during catalyst pre-
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activation. Workup gave unreacted iodoferrocene (0.1206 g, 60 %) and 4-
methylphenylferrocene (0.0399 g, 1.45 x 10-4 mol, 23 %), which was 
characterised as described previously. 
6.7.2.5.3 4-Methylphenylferrocene (24 h, 1.5 eq boronic acid) 
Quantities: Iodoferrocene (0.2006 g, 6.43 x 10-4 mol), 4-methylbenzeneboronic 
acid (0.1347 g, 9.91 x 10-4 mol, 1.5 eq), Na2CO3 (0.1439 g, 1.36 x 10-3 mol, 2 
eq) and Pd(PPh3)4 (0.03 g, 2.6 x 10-5 mol, 4 %), [bmim][BF4] (5 cm3) and 
distilled water (2 cm3). The reaction mixture turned brown during catalyst pre-
activation. Workup gave unreacted iodoferrocene (0.0976 g, 49 %) and 4-
methylphenylferrocene (0.0483 g, 1.75 x 10-4 mol, 27 %), which was 
characterised as described previously. 
6.7.2.5.4 Phenylferrocene (aqueous, 10 min, catalyst pre-activation, 1.1 
eq boronic acid) 
Quantities: Iodoferrocene (0.7801 g, 2.50 x 10-3 mol), benzeneboronic acid 
(0.3368 g, 2.76 x 10-3 mol, 1.1 eq), Na2CO3 (0.5624 g, 5.31 x 10-3 mol, 2 eq) 
and Pd(PPh3)4 (0.04 g, 3.5 x 10-5 mol, 1.4 %), [bmim][BF4] (5 cm3) and distilled 
water (2 cm3). The experiment was carried out according to the general method. 
Workup gave unreacted iodoferrocene (0.5230 g, 67 %) and phenylferrocene 
(0.1314 g, 5.01 x 10-4 mol, 20 %), which was characterised as described 
previously. 
6.7.2.5.5 4,4′-Dimethylbiphenyl (aqueous, 10 min, catalyst pre-activation, 
1.1 eq boronic acid) 
Quantities: bromotoluene (0.4274 g, 2.50 x 10-3 mol), methylbenzeneboronic 
acid (0.3739 g, 2.75 x 10-3 mol, 1.1 eq), Na2CO3 (0.5610 g, 5.30 x 10-3 mol, 2 
eq) and Pd(PPh3)4 (0.04 g, 3.5 x 10-5 mol, 1.4 %), [bmim][BF4] (5 cm3) and 
distilled water (2 cm3). The experiment was carried out according to the general 
method. Workup gave 4,4′-dimethylbiphenyl (0.3336 g, 2.00 x 10-4 mol, 80 %), 
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mp. 118 °C (lit.28 118 - 124 °C); δH(CDCl3) 7.67 (4H, d, J 8.2, ArH), 7.39 (4H, d, 
J 8.2, ArH), 2.55 (6H, s, J 1.8, 2 x CH3); δC(CDCl3) 138.8, 137.2, 130.0, 127.4, 
21.6; νmax (KBr) cm-1 3017, 1501, 1488, 1418, 1398, 1215, 1111, 1040, 1006, 
930, 836, 804, 748, 668. 
6.7.2.6 Effect of ultrasound 
6.7.2.6.1 Phenylferrocene (1 h, RT, ultrasonic radiation) 
Quantities: Iodoferrocene (0.2002 g, 6.42 x 10-4 mol), benzeneboronic acid 
(0.1699 g, 1.39 x 10-3 mol), Ba(OH)2.8H2O (0.3536 g, 1.12 x 10-3 mol) and 
Pd(OAc)2 (0.0669 g, 2.98 x 10-4 mol) were added to degassed [bmim][BF4] (6 
cm3) contained in a 25 cm3 round-bottomed flask. The flask was sealed; and the 
mixture was mechanically stirred for 1 min and, thereafter, subjected to 
ultrasonic radiation for 1 h with intermittent stirring. During this time the the 
ultrasonic bath temperature remained within 21 – 24 °C. the reaction mixture 
was then transferred to a liquid-liquid extractor and continuously extracted with 
diethyl ether. The ethereal extract was worked up as under “general method” 
above. Workup gave unreacted iodoferrocene (0.1543 g, 77 %) and 
phenylferrocene (0.0494 g, 1.88 x 10-4 mol, 29 %), which was characterised as 
described previously. 
6.7.2.6.2 Phenylferrocene (1 h, 40 °C, ultrasonic radiation) 
Quantities: Iodoferrocene (0.2006 g, 6.43 x 10-4 mol) and Pd(OAc)2 (0.0667 g, 
2.97 x 10-4 mol) were added to degassed [bmim][BF4] (6 cm3) contained in a 25 
cm3 round-bottomed flask. The flask was sealed and the mixture mechanically 
stirred at 80 °C until a nearly homogenous solution was achieved (10 min). 
Benzeneboronic acid. (0.1606 g, 1.32 x 10-3 mol) and Ba(OH)2.8H2O (0.3561 g, 
1.13 x 10-3 mol) were added to the flask. The mixture was then stirred at room 
temperature (1min) and, thereafter, subjected to ultrasonic radiation for 1 h with 
intermittent stirring. During this time the ultrasonic bath temperature was 
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maintained at 40 – 43 °C. The reaction mixture was then transferred to a liquid-
liquid extractor and continuously extracted with diethyl ether. The ethereal 
extract was worked up as under the general method. Workup gave unreacted 
iodoferrocene (0.1614 g, 80 %) and phenylferrocene (0.0644 g, 2.46 x 10-4 mol, 
38 %), which was characterised as described previously. 
6.7.2.6.3 Phenylferrocene (20 min, 30 °C, ultrasonic radiation, NaOAc, 
MeOH, FcI)29 
A mixture of iodoferrocene (0.2006 g, 6.43 x 10-4 mol), benzeneboronic acid 
(0.0807 g, 6.62 x 10-4 mol), NaOAc (0.1139 g, 8.33 x 10-4 mol) and Pd(OAc)2 
(0.0093 g, 4.14 x 10-5 mol, 6 %) and [bmim][BF4] (1.0 g), in methanol (2.0 cm3) 
was placed in a 25 cm3 Round-bottomed flask. The flask was sealed and the 
mixture was sonicated at 30 °C under nitrogen for 20 min. Water (2 cm3) was 
added and the mixture extracted with diethyl ether (6 x 4 cm3). The ether layer 
was separated, dried and the solvent evaporated under reduced pressure. The 
concentrate (1.0 cm3) was subjected to column chromatography, whereupon 
elution with hexane-ether (1:1) yielded phenylferrocene (0.0236 g, 14 %), which 
was characterised as described previously. 
6.7.2.6.4 Phenylferrocene (20 min, 30 °C, ultrasonic radiation, NaOAc, 
MeOH, starting with bromoferrocene, FcBr)29 
A mixture of bromoferrocene (0.1998 g, 7.54 x 10-4 mol), benzeneboronic acid 
(0.0807 g, 7.59 x 10-4 mol), NaOAc (0.1141 g, 8.35 x 10-4 mol) and Pd(OAc)2 
(0.0087 g, 3.88 x 10-5 mol, 5 %) and [bmim][BF4] (1.0 g), in methanol (2.0 cm3) 
was placed in a 25 cm3 round-bottomed flask. The flask was sealed and the 
mixture sonicated at 30 °C under nitrogen for 20 min. Water (2 cm3) was added 
and the mixture extracted with diethyl ether (6 x 4 cm3). The ether layer was 
separated, dried and the solvent evaporated under reduced pressure. The 
concentrate was subjected to column chromatography. Hexane eluted 
bromoferrocene (0.1521 g) and hexane-ether (1:1) yielded phenylferrocene 
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(0.0215 g, 11 %), which was characterised as described previously. 
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